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Effect of Benzodiazepines and Neurosteroids 
on Ammonia-Induced Swelling 
in Cultured Astrocytes 
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Astroglial swelling occurs in acute hyperammonemic 
states, including acute hepatic encephalopathy. In 
these conditions, the peripheral-type benzodiazepine 
receptor (PBR), a receptor associated with neuro- 
steroidogenesis, is up-regulated. This study examined 
the potential involvement of PBRs and neurosteroids 
in ammonia-induced astrocyte swelling in culture. At 
low micromolar concentrations, the PBR antagonist 
PK 11195, atrial natriuretic peptide, and protoporhy- 
rin IX, which are known to interact with the PBR, 
attenuated (16-100%) the effects of ammonia, whereas 
the PBR agonists Ro5-4864, diazepam binding inhibi- 
tor (DBl5i_7o), and octadecaneuropeptide exacerbated 
(10-15%) the effects of ammonia. At micromolar 
concentrations, diazepam, which interacts with both 
the PBR and the central-type benzodiazepine receptor 
(CBR), increased swelling by 11%, whereas fluma- 
zenil, a CBR antagonist, had no effect However, at 
^100 nM diazepam and flumazenil abrogated ammonia- 
induced swelling. The neurosteroids dehydroepiandros- 
terone sulfate, tetrahydroprogesterone, pregnenolone 
sulfate, and tetrahydrodeoxycorticosterone (THDOC), 
products of PBR stimulation, at micromolar concentra- 
tions significantly enhanced (70%) ammonia-induced 
swelling. However, at nanomolar concentrations, these 
neurosteroids, with exception of THDOC, blocked 
ammonia-induced swelling. We conclude that neuroste- 
roids and agents that interact with the PBR influence 
ammonia-induced swelling. These agents may repre- 
sent novel therapies for acute hyperammonemic syn- 
dromes and other conditions associated with brain 
edema and astrocyte swelling. J. Neurosci. Res. 54:673- 

680, 1998, Published 1998 Wiley-Liss, Inct 
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INTRODUCTION 

Hepatic encephalopathy (HE) is a complex neuro- 
psychiatric syndrome that occurs as a complication of 
severe liver failure. Ammonia is considered to be a major 
toxic agent in HE (Norenberg, 1977; 1996) in which 
levels in the central nervous system (CNS) can reach 1-5 
mM (Szerb and Butterworth, 1992). Also, endogenous 
benzodiazepine-like neuropeptides (endozepines) such as 
diazepam binding inhibitor (DEI) and its metabolite 
octadecaneuropeptide (ODN) are elevated in HE (Butter- 
worth et al., 1991). Increased levels of these two peptides 
correlate with the clinical stages of HE (Rothstein et al., 
1989; Butterworth et al., 1991). These peptides also 
interact with peripheral-type benzodiazepine receptors 
(PBRs) (Costa and Guidotti, 1991; Papadopoulos and 
Brown, 1995) and stimulate the production of neuroste- 
roids (Papadopoulos and Brown, 1995). Neurosteroids 
are known to affect 7-aniinobutyric acid (GABA)a and 
N-methyl-D-aspartate (NMDA) receptors in the CNS 
(Majewska, 1992; Paul and Purdy. 1992) and may 
contribute to the pathogenesis of HE (Norenberg, 1996; 
Norenberg et al., 1997). 

HE is also associated with up-regulation of PBRs 
(Lavoie et al., 1990; Giguere et al., 1992; Itzhak and 
Norenberg, 1994). Additionally, ammonia has been shown 
to up-regulate PBRs in cultured astrocytes U-eated with 
ammonia (Ducis et al., 1989; Itzhak and Norenberg, 
1994). In addition to PBRs (Bender and Hertz, 1985; 
Itzhak et al., 1993), astrocytes seem to express central- 
type benzodiazepine receptors (CBRs) (Bormann and 
Kettenmann, 1988). 
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A major cause of death in patients with fulminant 
hepatic failure is brain edema. Brain swelling seems to be 
chiefly cytotoxic and occurs principally in astrocytes 
(Norenberg, 1977; Swain et al., 1991; Cordoba and Blei, 
1996). The pathogenesis of such swelling is not known. It 
is likely that ammonia plays a role because ammonia has 
been shown to cause swelling in primary cultured astro- 
cytes (Norenberg at al., 1991), in brain slices (Ganz et al.. 
1989), and in vivo (Voorhies et al., 1983; Blei et al., 1994; 
Willard-Mack et al., 1996). 

To elucidate the role of benzodiazepine receptor 
ligands in ammonia-induced astrocyte swelling, we exam- 
ined the effects of various exogenous and endogenous 
agents that interact with astrocytic benzodiazepine recep- 
tors. We also investigated the action of neurosteroids that 
are products of PBR stimulation. Some of this study has 
been presented in preliminary form (Norenberg and 
Bender. 1994; Norenberg et al., 1997). 

MATERIALS AND METHODS 
Materials 

DBI (DBl5i_7o), ODN (DBl33_5o), dehydroepisoan- 
drosterone 3 sulfate (5-androsten-3P-ol-17-one sulfate) 
sodium salt (DHEAS), 5a-pregnane-3a,21-diol-20-one 
(allotetrahydrodeoxycorticosterone) (THDOC), 5a-preg- 
nan-3P-ol-20-one (THP), clonazepam, diazepam, and 
protoporphyrin IX (PpIX) were purchased from Sigma 
Chemical (St. Lx)uis, MO). 5-Pregnen-3-p-ol-20 sulfate 
sodium salt (PS) and PK11195 were obtained from 
Research Biochemicals, Inc. (Natick, MA). Ro5-4864 
was purchased from Biomol Research Labs Inc. (Ply- 
mouth Meeting, PA) and atriopeptin HI (ANP) from 
Peninsula Laboratories, Inc. (Belmont, CA). Rol5-1788 
(flumazenil) was a gift from Dr. Peter Sorter of HoCfmann- 
LaRoche, (Nutley, NJ). Methyl-D-glucose, 3-0[Methyl- 
^H)] (86.7 Ci/mmol) was purchased from New England 
Nuclear Research Products (Boston,. MA). All other 
reagents were of analytical grade. 

Cell Culture 

Astrocytic cell cultures were prepared from neona- 
tal (1-2-day-old) rat cerebral cortices and maintained in 
primary culture as previously described by Ducis et al. 
(1990). Briefly, the tissue was dissociated and 0.5 X 10^ 
cells were plated in 35-mm dishes. The cells were grown 
for at least 3-4 weeks at 37°C in a humidified atmosphere 
containing 5% C02/95% air before being used for 
biochemical studies. After 2 weeks, the cells were 
maintained with 0.5 mM dibutyryl cyclic adenosine 
monophosphate (AMP). Based on the immunohistochem- 
istry of glial fibrillary acidic protein and glutamine 
synthetase, at least 95-98% of the cell population was 
astrocytes. 


Intracellular Water Space Measurements 

Astrocytic cell volume and its regulation were 
studied by measuring the intracellular water space [3-0- 
(methyl-^H)-D-glucose (3-OMG) space] using the method 
of Kletzien et al. (1975). This commonly used method for 
measuring cell volume gives excellent, reproducible 
results and is particularly useful in assessing relative 
changes in cell volume. Briefly, following the removal of 
Dulbecco's Modified Eagle's Medium (DMEM) growth 
media, the cells were incubated in bicarbonate-buffer 
DMEM media, which contained 1 mM 3-OMG and 
pH]-3-0MG (0.6 |iCi/ml) in the presence or absence of 
various agents. The media contained glucose for energy 
supply. The presence or absence of glucose had no effect 
on the equilibration of 3-OMG for up to 3 hr (Jay et al., 
1990). Treatment of astrocytes with benzodiazepine recep- 
tor ligands and neurosteroids had no effect on 3-OMG 
transport. Agents were added for incubation time periods 
ranging from 6 to 72 hr. Such treatment did not affect cell 
viability, as determined with the lactate dehydrogenase- 
release method (Koh and Choi, 1987). After incubation, 
the cells were quickly washed six times with ice-cold 
0.29 M sucrose solution containing Tris nitrate (pH 7,4), 
0.5 mM Ca(N03)2, and 0. 1 mM phloretin. Cells were then 
solubilized in 1 N NaOH and aliquots were used for 
scintillation counting and protein content (Lowry et al., 
1951). The amount of radioactivity was transformed to 
the amount representing the intracellular water space, and 
the results were expressed as microliter of water per 
milligram of protein. 

RESULTS 

Effect of Agents Interacting with Benzodiazepine 
Receptors on Astrocyte Cellular Volume 

Astrocyte cell volume increased by 49-65% after 
24-72 hr of treatment with 5 mM NH4CI. Ro5^864 
(agonist of the PBR) (10 mM) significantly (P < 0.02) 
increased anmionia-induced astrocyte swelling by 10- 
16% after 36-72 hr of treatment (Fig. lA). PK 11195 
(antagonist of the PBR) (10 pM) significantly attenuated 
(P < 0.03) such swelling by 12-17% (Fig. lA). The 

effects of Ro5-^864 and PK 11195 on their own had no 

1 

statistically significant effect on cell volume (Fig. lA). 
Diazepam (mixed-type benzodiazepine receptor agonist) 
(10 \M) and flumazenil (antagonist of the CBR) (10 pM) 
alone did not significantly affect astrocyte cell volume. 
However, diazepam significantly enhanced ammonia- 
induced astrocyte swelling by 11-17% on days 2 and 3, 
whereas flumazenil had no significant effect (Fig. IB). 

Figure 2 shows the effect of Ro5^864, PK 1 1 195, 
diazepam, and flumazenil (100 nM) on anmionia-induced 
swelling. Swelling after 1-day treatment was blocked by 
diazepam and flumazenil, whereas Ro5-4864 and PK 
11195 did not exert any significant effect. After 2- and 
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Fig. 1. A: Effect of micromolar concentrations of Ro5-4864 
.and PK 11195 on cell volume arid ammonia-induced astrocyte 
swelling. Astrocytes were exposed to DMEM in the absence 
(control; filled squares) or presence of 10 Ro5-4864 (filled 
circles), 10 PK 11195 (open circles), 5 mM NH4CI (open 
squares), 5 mM ammonia with 10 pM Ro5-4864 (filled 
triangles), and 5 mM ammonia with 10 pM PK 11195 (filled 
diamonds) for various time periods, and cell volume was 
determined. B: Effect of micromolar concentrations of diaz- 
epam and flumazenil on astrocyte cell volume and ammonia 
(Am)-induced swelling. Concentrations of diazepam and fluma- 
zenil were 10 pM, and NH4CI was 5 mM. Results are expressed 
as mean ± S.E.M. of six separate determinations. *P < 0.05; 
**P < 0.01 significantly different from ammonia-induced 
swelling, as assessed by analysis of variance and Bonferroni 
post hoc comparisons. 


3-day treatment, none of these agents had any significant 
effect on anmnonia-induced swelling. These compounds 
on their own at 100 nM also did not significantly affect 
astrocyte cell volume after 1-3-day treatment. 

DBl5i_7o at a concentration normally found in brain 
(15 nM) (Costa and Guidotti, 1991) and ODN DBI33.50, 
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Fig. 2. Effect of various agents that interact with benzodiaz- 
epine receptors at nanomolar concentrations on anunonia- 
induced astrocyte swelling. Astrocytes were exposed to DMEM 
containing 5 mM ammonia (Am) with or without 100 nM 
Ro5-4864, PK 11195, diazepam, and flumazenil for 1-3 days, 
and cell volume was determined. Results are expressed as 
mean ± S.E.M. of six separate determinations. ***P < 0.(X)1 
significantly different from anunonia-induced swelling, as 
determined by analysis of variance and Bonferroni post hoc 
comparisons. 


agents that interact with PBRs and CBRs (Costa and 
Guidotti, 1991; Papadopoulos and Brown, 1995) signifi- 
cantly increased astrocyte cell volume by 30% and 
enhanced anunonia-induced astrocyte swelling by 10- 
15% (Fig. 3). 

ANP (1 nM). a peptide that also interacts with 
astrocytic benzodiazepine receptors (Bender and Hertz, 
1987), significantly decreased ammonia-induced astro- 
cyte swelling by 50% (Fig. 4). ANP alone caused cell 
shrinkage (16-25%). 

Porphyrins are known to interact with the PBR at 
nanomolar concentrations. Of the various porphyrins 
examined, PpDC had the highest affinity (Snyder et al., 
1987). PpDC at 100 nM inhibited anunonia-induced 
swelling by 11%, which was not statistically significant. 
However, at 1 pM concentration, such inhibition was 
statistically significant (20-24%). PpIX alone had no 
significant effect on astrocyte cell volume after 1-3-day 
treatment (Fig. 5). 

Eflfect of Neurosteroids on Astrocyte Ceil Volume 

Agonists of the PBR have been shown to stimulate 
neurosteroid synthesis (Kruger and Papadopoulos, 1992; 
Papadopoulos and Brown, 1995). Neurosteroids, such as 
PS, THP, THDOC, and DHEAS were thus tested for their 
effect on cell volume and anunonia-induced astrocyte 
swelling. 
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Fig. 3. Effect of DBI and ODN on astrocyte cell volume and 
ammonia (Am)-induced swelling. Astrocytes were exposed to 
DMEM in the absence (control) or presence of 15 \M DBI. 15 
pM ODN, 5 mM ammonia, 5 mM anmionia with 15 \M DBI, 
and 5 mM ammonia with 15 \M ODN for 1-3 days, and cell 
volume was determined. Results are expressed as mean ± 
S.E.M. of six separate determinations. *P < 0.05; **P < 0.01 
significantly different from control or from ammonia-induced 
swelling, as determined by analysis of variance and Bonferroni 
post hoc comparisons. 


Figure 6 shows the effects of neurosteroids at 100 
nM concentration on anmionia-induced swelling. After 
1-day treatment, swelling was blocked by DHEAS, THE, 
and PS but not by THDOC. Neurosteroids had no effect 
on ammonia-induced swelling after 2-day treatment. 
After 3-day treatment, there was a slight increase in 
ammonia-induced swelling, but the effect was not statisti- 
cally significant. Neurosteroids (100 nM) alone had no 
significant effect on cell volume after 1-3-day treatment. 

The above neurosteroids at 10 pM and THDOC at 
1 ^iM alone increased astrocyte cell volume by 9-20% 
after 1-3-day treatment (Fig. 7A). Neurosteroids further 
exacerbated ammonia-induced astrocyte swelling by 19% 
(P < 0.001; n = 9) after 1 day, by 19-53% (P < 0.001; 
n = 9) after 2 days, and by 50-68% (P < 0.001; n = 9) 
after 2 days (Fig. 7B). 

DISCUSSION 

Brain edema is a major cause of death in patients 
with fiilminant hepatic failure, in which the astrocyte is 
the main cellular compartment that is subjected to 
swelling (Norenberg, 1977; Swain et al., 1991; Blei et al., 
1994; Cordoba and Blei, 1996). The pathogenesis of such 
swelling most likely reflects the exposure of astrocytes to 
toxic substances, particularly ammonia (Cordoba and 
Blei, 1996). Ammonia has been shown to cause astrocyte 
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Fig, 4. Effect of ANP on cell volume and ammonia-induced 
astrocyte swelling. Astrocytes were exposed to DMEM in 
die absence (control; filled circles) or presence of 5 mM 
ammonia (filled squares), 5 mM ammonia with 1 ^M ANP 
(filled triangles), and 1 pM ANP (open circles) for various 
time periods, and cell volume was determined. Results 
are expressed as mean ± S.E.M. of six separate determinations. 
*P < 0.05; **P < 0.01; »**/> < 0.001 significanUy differ- 
ent from ammonia-induced swelling or from control, as deter- 
mined by analysis of variance and Bonferroni post hoc compari- 
sons. 
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Fig. 5. Effect of PpIX on cell volume and ammonia (Am)- 
induced astrocyte swelling. Astrocytes were exposed to DMEM 
in the absence (control) or presence of 100 nM or 1 pM PpIX, or 
5 mM ammonia, 5 mM ammonia with 100 nM PpIX, and 5 mM 
anmionia with 1 pM PpIX for 1-3 days, and cell volume was 
determined. Results are expressed as mean ± S.E.M. of six 
separate determinations. **P < 0.01; ***P < 0.001 signifi- 
cantly different from ammonia-induced swelling, as deter- 
mined by analysis of variance and Bonferroni post hoc compari- 
sons. 
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Fig. 6. Effect of neurosteroids at nanomolar concentrations on 
anunonia (Ain)-induced astrocyte swelling. Astrocytes were 
exposed to DMEM in the absence (control) or presence of 5 
mM ammonia, 5 mM ammonia with 100 nM DHEAS. 5 mM 
ammonia with 100 nM THP. 5 mM ammonia with 100 nM PS, 
and 5 mM ammonia with 100 nM THDOC for 1-3 days, and 
cell volume was determined. Results are expressed as mean ± 
S.E.M. of six separate determinations. ***P < 0.001 signifi- 
cantly different from ammonia-induced swelling, as determined 
by analysis of variance and Bonferroni post hoc comparisons. 

swelling in culture (Norenberg et al., 1991) and in brain 
slices (Ganz et al., 1989). The mechanism by which 
ammonia causes swelling is unknown. It has been pro- 
posed that ammonia-induced swelling may be a result of 
increased intracellular glutamine levels that increase the 
osmotic load and lead to cell swelling (Brusilow and 
Traystman, 1986). Methionine sulfoximine, an inhibitor 
of glutamine synthetase, is known to prevent anmionia- 
induced swelling (Takashi et al., 1991; Blei et al., 1994; 
Norenberg and Bender, 1994; Norenberg et al., 1995; 
WUlard-Macketal., 1996). 

Benzodiazepine Receptor Ligands and 
Ammonia-Induced Astrocyte Swelling 

HE and hyperammonemia are associated with in- 
creased levels of endogenous benzodiazepines ligands in 
cerebrospinal fluid and brain tissue from patients with HE 
(Mullen et al., 1988). It has also been shown that PBRs 
are up-regulated in HE (Lavoie et al., 1990) and in 
anamonia-treated cultured astrocytes (Ducis et al., 1989; 
Itzhak and Norenberg, 1994). More recently, an increase 
in neurosteroids, presumably from the up-regulation of 
PBRs, has been seen in hyperammonemic conditions 
(Itzhak et al., 1995; Norenberg et al., 1997). Because of 
the potential involvement of benzodiazepines and neuro- 
steroids in the pathogenesis of HE and hyperanmionemia, 
we explored the possibility that they may also contribute 
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Fig. 7. Effect of neurosteroids at micromolar concentrations on 
cell volume (A) and ammonia (Am)-induced astrocyte swelling 
(B). Astrocytes were exposed to DMEM in the absence 
(control) or presence of 10 \M DHEAS, THP, PS or 1 uM 
THDOC (A); or 5 mM ammonia, 5 mM ammonia with 10 \M 
DHEAS, 5 mM ammonia with 10 jiM THP, 5 mM ammonia 
with 10 ^iM PS. and 5 mM ammonia with 1 pM THDOC (B) for 
1-3 days, and cell volume was determined. Results are ex- 
pressed as mean ± S.E.M. of nine separate determinations. 
*P < 0.05; **P < 0.01; < 0.001 significantly different 
from control (A) or from anmionia-induced swelling (B), as 
determined by analysis of variance and Bonferroni post hoc 
comparisons. 


to the astrocyte swelling characteristic of these condi- 
tions. 

Our results show that agents that interact with the 
PER, as well as neurosteroids (products of PER stimula- 
tion), influence ammonia-induced astrocyte swelling. 
Swelling was enhanced by micromolar levels of PBR 
agonists such as Ro5-4864, diazepam, as well as by 
endogenous benzodiazepine-like peptides such as DBI 
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and ODN. On the other hand, ammonia-induced swelling 
was diminished by a PBR antagonist, PK 1 1 195, whereas, 
at micromolar concentrations, flumazenil, a CBR antago- 
nist, had no effect. However, diazepam, which interacts 
with both PBR and CBR, and flumazenil at concentra- 
tions of 100 nM blocked ammonia-induced swelling after 
1-day treatment. Astrocytes express CBRs (Bormann and 
Kettenmann, 1988), and flumazenil has been shown to 
have a beneficial effect in clinical trials in patients with 
HE (Ferenci et al., 1989; Pomier-Uyrargues et al., 1994). 

ANP, which inhibits pHj-diazepam binding from 
astrocytes (Bender and Hertz, 1987), attenuated ammonia- 
induced swelling, thus behaving like the PBR antagonist 
PK 11195. ANP has been shown to reduce glial cell 
volume (Latzkovits et al., 1993), decrease cell volume of 
rabbit atrial and ventricular myocytes (Clemo and 
Baumgarten, 1991), and reduce ischemic b'rain edema 
(Naruse et al., 1991). Although the inhibition of ammonia- 
induced astrocyte swelling by ANP may be caused by the 
inhibition of the PBR, it also could be a result of direct 
effects of ANP on various ionic fluxes. ANP has been 
shown to reduce cell volume by inhibiting the Na"^/K"^/ 
2C1- cotransporter in myocytes (Clemo and Baumgarten, 
1991), to accelerate efflux of Na^^ from brain (Doczi et 
al., 1987) and to inhibit brain water and Na"^ accumula- 
tion in ischemic brain injury (Naruse et al., 1991). 

Another endogenous agent that interacts with the 
PBR is PpK (Snyder et al., 1987). In our study PpIX also 
attenuated ammonia-induced swelling, behaving in man- 
ner similar to that of the PBR antagonist PK 11195 and 
ANP. 

ODN, DBI, and ANP independently affected cellu- 
lar volume. Therefore, these agents may have potential 
therapeutic applications not only in hyperanmionemia but 
also in other conditions associated with brain edema and 
astrocyte swelling. 

Our results suggest that agents , that interact with 
PBRs have effects on cellular water homeostasis. This 
view is consistent with the observation that thiazide-like 
compounds, and other distally acting diuretics, inhibit 
Ro5^864 binding with a rank order of potencies similar 
to their enhancement of natriuresis (Lukeman and Fanes- 
til, 1987). Also, diuretics, like fiirosemide. acetazol- 
amide, and hydrochlorothiazide produce significant in- 
creases in the density of PBRs in the renal cortex 
(Lukeman et al., 1988). Up-regulation in PBR densities 
may depend to some extent on the degree to which each 
of the these diuretics interacts direcdy with the PBRs. 
Alternatively, PBR up-regulation could result from sec- 
ondary adaptive mechanisms associated with altered 
metabolic or electrolyte status. It is noteworthy that 
hypoosmotic stress up-regulates PBRs in astrocytes (Itzhak 
et al., 1994). The time course of anmionia-induced 
astrocyte swelling shown in this study correlates with the 


time course of ammonia-induced up-regulation of PBRs 
(Itzhak and Norenberg, 1994). 

Neurosteroids and Ammonia-Induced Astrocyte 
Swelling 

The PBR is involved in the production of neuroste- 
roids by promoting the delivery of cholesterol across the 
outer mitochondrial membrane (Krueger and Papadopou- 
los, 1992; Papadopoulos and Brown, 1995). Astroglia 
have been shown to synthesize neurosteroids (Kabbadj et 
al., 1993). The up-regulation of the PBR associated with 
HE was recently shown to be associated with an increase 
in brain levels of neurosteroids Gtzhak et al., 1995; 
Norenberg et al., 1997). 

Our results show that neurosteroids (DHEAS, THP, 
and PS) at nanomolar concentrations attenuated ammonia- 
induced swelling, after 1-day treatment. However, these 
neurosteroids did not affect astrocyte swelling after 2 or 3 
days of ammonia treatment. On the other hand, at 
micromolar concentrations, they enhanced anunonia- 
induced astrocyte swelling. The most potent effect was 
observed with THDOC (1 \M\ whereas other neuroste- 
roids significantly affected cell volume and ammonia- 
induced swelling at 10 ^M. 

These low micromolar concentrations of neuroste- 
roids are above the physiological concentrations found in 
the brain, which are usually in the low nanomolar range 
(Backstrom et al., 1990). In acute liver failure and 
hyperammonemia, we observed increases in pregneno- 
lone, THDOC, and THP. Pregnenolone concentrations 
detected in whole brain homogenates reached 42-60 nM, 
THP reached 281 nM, and THDOC reached 65 nM 
(Itzhak et al., 1995; Norenberg et al., 1997). However, the 
precise concentration of these neurosteroids at critical 
sites in the CNS are not known. Nonetheless, our studies 
suggest that neurosteroids, which are elevated in hyperam- 
monemic states, may have a protective effect on anmionia- 
induced swelling (nanomolar concentrations) or contrib- 
ute to astrocyte swelling (micromolar concentrations). 

Benzodiazepines and neurosteroids had bimodal 
effects on ammonia-induced astrocyte swelling. Neuroste- 
roids at nanomolar concentrations diminished swelling, 
whereas at micromolar concentrations they exacerbated 
swelling. This dual pattern of neurosteroid action has also 
been observed on the GABAa and NMDA receptors, 
where neurosteroids act as positive or negative modula- 
tors, depending on their concentrations(Majewska, 1992; 
Paul and Purdy, 1992). The mechanism for this concentra- 
tion-dependent effect is not known. The bimodal effects 
of benzodiazepines on anmionia-induced effects can 
perhaps be explained by their stimulation of neurosteroid 
synthesis. 

The inhibitory effects of nanomolar levels of neuro- 
steroids on ammonia-induced swelUng were only ob- 
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served on day 1 after treatment, whereas, on days 2 and 3, 
neurosteroids exacerbated swelling. These effects can 
possibly be explained by the known nongenomic and 
genomic actions of neurosteroids (Majewska, 1992). At 
early times of treatment, neurosteroids exert their effects 
by direct nongenomic actions (possibly allosteric effects). 
ITie later effects are mediated by binding to specific 
intracellular receptors that are present in astrocytes 
(Jung-Testas et al., 1992). The dual mechanisms of 
neurosteroid action seem to have opposing effects. An- 
other plausible explanation for the dual effect of neuroste- 
roids could be due to changes in receptor sensitivity 
(down- or up-regulation). 

We have shown that the PBR antagonist, such as PK 
1 1195. and AN? and PpDC, which interact with the PBR, 
diminished ammonia-induced swelling, whereas PBR 
agonists such as Ro5-4864, diazepam, DBI, and ODN at 
micromolar levels and neurosteroids at micromolar levels 
enhanced the ammonia-induced swelling. Neurosteroids 
such as DHEAS, THP, and PS, and diazepam and 
fiumazenil at 100 nM concentrations prevented ammonia- 
induced swelling after 1-day treatment. In summary, PBR 
ligands and neurosteroids, depending on their concentra- 
tion, influence ammonia-induced swelling and may lead 
to new therapeutic approaches toward the treatment of 
brain swelling associated with hyperammonemic syn- 
dromes and other conditions associated with brain edema 
and astrocyte swelling. 
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Potentiation of 5-methoxy-N, N-dimethyltryptamine-induced head-twitches by 
diazepam: Evidence for involvement of adenosine uptake inhibition. 
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ABSTRACT: Previous work shows that benzodiazepines potentiate head- twitches 
induced by 5-HT agonists and that this action is not mediated via the 
GABA receptor complex. In the present study the involvement of 
adenosinergic mechanisms in this effect has been examined, as in addition 
to their actions at the GABA receptor, benzodiazepines also inhibit 
adenosine uptake. The adenosine antagonists caffeine (0.3-30 mg/kg 
ip) and 1, 3-dipropyl-8- (2-amino-4-chlorophenyl) xanthine (0.03-7 mg/kg ip) 
dose-dependently inhibited the ability of diazepam (4 mg/kg ip) to 
potentiate head-twitches induced by 5-methoxy-N, N-dimethyltryptamine 
(5-MeODMT; 2.5 mg/kg ip) without affecting head- twitches induced by 
S-MeODMT alone at a higher dose (10 mg/kg), which induced a similar 
number of head-twitches to the combination of 5-MeODMT and diazepam. The 
adenosine uptake inhibitors papaverine, mioflazine, and dilazep all 
potentiated head-twitches induced by 5-MeODMT, but this effect was seen 
at only a single dose of each compound. The benzodiazepine 
antagonist flumazenil did not inhibit the potentiation of 
head-twitches by diazepam but did itself potentiate head- twitches at 30 
mg/kg, consistent with its ability to inhibit adenosine uptake. In 
contrast, the adenosine uptake inhibitor dipyridamole and the 
peripheral-tyBe_henzodiazepine receptor 

antagonist (^o5-4864^ also inhibits adenosine uptake, failed 

to potentiate " heacT-twitches . The adenosine agonists 
N-6-cyclohexyladenosine, 5 ' - (N-ethylcarboxamido-adenosine, and 
(-) -N-6-.(R-phenylisopropyl) adenosine were similarly without effect. These 
results confirm previous findings that the potentiation of head- twitches 
by benzodiazepines is not mediated via an action at benzodiazepine 
receptors and suggest that inhibition of adenosine uptake is an important 
component of the mechanism involved. 
...ABSTRACT: addition to their actions at the GABA receptor, 
benzodiazepines also inhibit adenosine uptake. The adenosine 
antagonists caffeine (0.3-30 mg/kg ip) and 
1, 3-dipropyl-8- (2-amino-4 . . . 

...but this effect was seen at only a single dose of each compound. The 
benzodiazepine antagonist flumazenil did not inhibit the 
potentiation of head-twitches by diazepam but did itself potentiate... 

...its ability to inhibit adenosine uptake. In contrast, the adenosine 
uptake inhibitor dipyridamole and the peripheral -type 
benzodiazepine receptor antagonist Ro 5-4864, which 

also inhibits adenosine uptake, failed to potentiate head- twitches . The 
adenosine . . . 
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Identification and characterization of a high-affinity peripheral- 
type benzodiazepine receptor in rabbit urinary bladder 
smooth muscle. 
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ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor, the peripheral- 
type benzodiazepine receptor (PBR), are involved in the 
regulation of steroid biosynthesis and that one site of PBR action 
resides in mitochondria. In the present investigation, evidence is 
presented that a functional form of PBR is also present at the cell 
surface. First, PBR was immunolocalized in the rat testis using 
biotin-streptavidin peroxidase immunocytochemistry, and results revealed 
that PBR was present exclusively in the interstitial Leydig cells. Next, 
the distribution of PBR in MA-10 Leydig cells was further examined using 
confocal microscopy. MA-10 cells were either fixed and immunostained or 
fixed/permeabilized and immunostained for PRB followed by generation of 
confocal microscope optical sections, three-dimensional reconstructions 
of these sections, and then generation of vertical confocal sections of 
the three-dimensional reconstruction. In the f ixed/unpermeabilized cells, 
PBR immunostaining at the cell surface was clearly evident, whereas in 
the fixed/permeabilized cells, intracellular PBR distribution was more 
robust. These results suggest that the plasma membrane fraction of the 
receptor could mediate the action of extracellular PBR ligands on Leydig 
cell function. Next, we examined whether DBI, the naturally occurring PBR 
ligand, is secreted by testicular cells and whether it could activate the 
cell surface PBR. Immunolocalization of DBI demonstrated that it was 
present in both Leydig and Sertoli cells. Further, using an immunoblot 
assay, we demonstrated that DBI is present in rat testicular interstitial 
fluid. Metabolic labeling of cultured immature rat Sertoli cells and 
MA-10 mouse tumor Leydig cells, followed by immunoprecipitation of the 
secreted proteins with an anti-DBI antiserum, demonstrated that both 
Leydig and Sertoli cells secrete DBI and could serve as a cell source for 



the interstitial fluid DBI . Then, we partially purified the DBI present 
in conditioned medium and interstitial fluid by reverse phase 
chromatography and demonstrated it to be bioactive, based on displacement 
of a radiolabeled benzodiazepine (Ro5-4864) -specif ic ligand for PBR, 
pronase treatment of different preparations eliminated all bioactivity. 
We then examined the effects of DBI on Leydig cell function. DBI added to 
MA-10 cells affected DNA synthesis and cell growth in a biphasic manner; 
at low concentrations (1 nM) , DBI was mitogenic, increasing ( 3H) thymidine 
incorporation and cell numbers by 30-40%, while at high concentrations (1 
mu-M) , DBI inhibited cell growth (30-40%). Similar effects on cell growth 
were obtained using the benzodiazepine J^o5-4864 . The effects of both DBI 
and Ro5-4864 were inhibited by the antagonist isoquinoline 
carboxamide PK 11195, suggesting that their actions on cell proliferation 
were mediated through PBR. DBI directly added to MA-10 or to purified rat 
Leydig cells also stimulated basal steroid production and potentiated 
submaxinally hCG-stimulated steroidogenesis (by 2- to 3-fold) in a 
dose-dependent manner, with an EC-50 of 10 nM. However, the steroidogenic 
action of DBI was not blocked by PK 11195, but was mimicked by the 
octadecaneuropeptide (DBI- (33-50) ) , a peptide with very low affinity for 
PBR. Because of the widespread occurance of both DBI and PBR in different 
tissues, we investigated whether DBI may also regulate cell growth and 
steroid synthesis in other cell models that contain PBR, such as Swiss 
3T3 fibroblasts and bovine adrenocortical cells, respectively. The data 
obtained clearly indicate that activation of PBR by DBI also alters 3T3 
fibroblasts cell proliferation, but not effect of DBI on steroid 
production in adrenocortical cells was observed. These results 
demonstrate that 1) DBI is secreted by both Leydig and Sertoli cells and 
is present in the testicular interstitial fluid; 2) DBI, presumably 
acting via plasma membrane PBR, affects Leydig cell and 3T3 fibroblast 
DNA synthesis and growth; and 3) DBI, acting via PBR-mediated and/or 
-independent mechanisms, stimulates Leydig cell steroid production. Thus, 
we propose that DBI acts as an autocrine/apracrine regulator of Leydig 
cell function. 

...binding inhibitor is a paracrine/autocrine regulator of Leydig cell 
proliferation and steroidogenesis: Action via peripheral -type 
benzodiazepine receptor and independent mechanisms. 

ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor/ the peripheral- 
type benzodiazepine receptor (PBR), are involved in the 
regulation of steroid biosynthesis and that one site of PBR. . . 

...benzodiazepine Ro5-4864. The effects of both DBI and Ro5-4864 were 
inhibited by the antagonist isoquinoline carboxamide PK 11195, 
suggesting that their actions on cell proliferation were mediated through 
PBR . . . 
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Astroglial swelling occurs in acute hyperammonemic states, including 
acute hepatic encephalopathy. In these conditions, the peripheral- 
type benzodiazepine receptor (PBR), a receptor 

associated with neurosteroidogenesis, is up-regulated. This study examined 
the potential involvement of PBRs and neurosteroids in ammonia- induced 
astrocyte swelling in culture. At low micromolar concentrations, the PBR 
antagonist PK 11195, atrial natriuretic peptide, and protoporhyrin 
IX, which are known to interact with the PBR, attenuated (16-100%) the 
effects of ammonia, whereas the PBR agonists Ro5-4864, diazepam binding 
inhibitor (DBI51-70), and octadecaneuropeptide exacerbated (10-15%) the 
effects of ammonia. At micromolar concentrations, diazepam, which interacts 
with both the PBR and the central-type benzodiazepine receptor (CBR) , 
increased swelling by 11%, whereas flumazenil, a CBR antagonist, had 
no effect. However, at 100 nM diazepam and flumazenil abrogated 
ammonia-induced swelling. The neurosteroids dehydroepiandrosterone sulfate, 
tetrahydroprogesterone, pregnenolone sulfate, and tetrahydrodeoxycorticoste 
rone (THDOC) , products of PBR stimulation, at micromolar concentrations 
significantly enhanced (70%) ammonia- induced swelling. However, at 
nanomolar concentrations, these neurosteroids, with exception of THDOC, 
blocked ammonia-induced swelling. We conclude that neurosteroids and agents 
that interact with the PBR influence ammonia-induced swelling. These agents 
may represent novel therapies for acute hyperammonemic syndromes and other 
conditions associated with brain edema and astrocyte swelling. 

Dec 1 1998, 

Astroglial swelling occurs in acute hyperammonemic states, including 
acute hepatic encephalopathy. In these conditions, the peripheral- 
type benzodiazepine receptor (PBR), a receptor 

associated with neurosteroidogenesis, is up-regulated. This study examined 
the potential involvement of PBRs and neurosteroids in ammonia-induced 



astrocyte swelling in culture. At low micromolar concentrations, the PBR 
antagonist PK 11195, atrial natriuretic peptide, and protoporhyrin 
IX, which are known to interact with the... 

...and the central-type benzodiazepine receptor (CBR) , increased swelling 

by 11%, whereas flumazenil, a CBR antagonist, had no effect. However, 

at 100 nM diazepam and flumazenil abrogated ammonia-induced swelling. The 
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Diazepam potentiates the positive inotropic effects of histamine and 
forskolin in guinea-pig papillary muscles. 
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There have been diverse reports on the effects of diazepam on cardiac 
contractility. The purpose of this study was to examine whether diazepam 
modifies the inotropic response elicited by histamine on an isolated 
guinea-pig papillary muscle. The responses of electrically driven papillary 
muscle to histamine and cyclic AMP-related inotropic agents were recorded 
in the absence and in the presence of diazepam. Histamine and forskolin, 
which directly stimulate adenylate cyclase, significantly increased the 
contractile force in the papillary muscle in a concentration-dependent 
manner. A histaminergic H2-receptor antagonist, cimetidine, but not a 
Hl-receptor antagonist , diphenhydramine, at 10 microM produced a 
rightward shift in the concentration-response curve for histamine. Diazepam 
(10 microM) shifted the concentration-response curve for histamine and 
forskolin to the left by 1.8 and 1.6 times, respectively. Neither a central 
type ( f ulmazenil ) nor a peripheral type ( PK11195 ) of 
benzodiazepine receptor antagonist modified the effect of 

diazepam on the histaminergic-evoked contraction. Phosphodiesterase 
blockade by 3-isobutyl-l-methylxanthine shifted the concentration-dependent 
curve for histamine to the left. A combination of 

3-isobutyl-l-methylxanthine also produced a leftward shift of the curve. 
However, there was no significant difference between the 
3-isobutyl-l-methylxanthine only group and the combination group. These 
results indicate that diazepam potentiates the positive inotropic effect 
produced by histamine, probably mediated via an increase in cyclic AMP 
levels induced by histamine. 

Oct 1998, 

...contractile force in the papillary muscle in a concentration-dependent 
manner. A histaminergic H2-receptor antagonist, cimetidine, but not a 
Hl-receptor antagonist , diphenhydramine, at 10 microM produced a 
rightward shift in the concentration- response curve for histamine... 


... by 1.8 and 1.6 times, respectively. Neither a central type ( f ulmazenil ) 
nor a peripheral type (PK 11195) of benzodiazepine 
receptor antagonist modified the effect of diazepam on the 
histaminergic-evoked contraction. Phosphodiesterase blockade by 3-isobutyl 
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This study examined the influence of benzodiazepine receptors on amylase 
release from rat parotid acinar cells. Diazepam ( 10 (-8 ) -10 (-6) M) , which is 
a potent agonist of both central- and peripheral -type 
benzodiazepine receptors , dose dependently decreased amylase 
release induced by isoprenaline and carbachol, which are beta-adrenoceptor 
and muscarinic receptor agonists, respectively. The maximum inhibitory 
response was obtained with 10 (-6) M diazepam: amylase release was decreased 
to 57% (isoprenaline) and 39% (carbachol) of maximal levels, while these 
responses were completely inhibited by propranolol and atropine, 
respectively. Clonazepam and 7-chloro-l, 3-dihydro-l-methyl-5-p-chlorophenyl 
) -2H-1, 4-benzodiazepine-2- one (Ro 5-4864), which are selective agonists of 
central- and peripheral -type benzodiazepine 

receptors , respectively, also produced a significant and 
dose-dependent decrease in isoprenaline-induced amylase release. The 
inhibitory potency was diazepam > clonazepam > Ro 5-4864. Flumazenil and 
1- (2-chlorophenyl) -N-methyl-N- ( 1-methylpropyl ) -3-isoquinoline carboxamide 
(PK 11195), which are selective antagonists of central- and 
peripheral- type benzodiazepine receptors , 

respectively, dose dependently blocked the inhibition of 

isoprenaline-induced amylase release by diazepam. At a concentration of 
10 (-5) M, flumazenil and PK 11195 restored amylase release to approximately 
75% of that in the presence of isoprenaline alone. The combination of both 
antagonists completely prevented the inhibition by diazepam. 
Similarly, the inhibitory responses of clonazepam and Ro 5-4864 were 
completely blocked by flumazenil and PK 11195, respectively. These results 
suggest that, in rat parotid acinar cells, benzodiazepines inhibit 
beta-adrenoceptor and muscarinic receptor-stimulated amylase release 
and that both central- and peripheral -type benzodiazepine 
receptors contribute to this inhibitory regulation. 

Oct 23 1998, 

...Diazepam ( 10 (-8 ) -10 (-6) M) , which is a potent agonist of both central- 
and peripheral -type benzodiazepine receptors, dose 

dependently decreased amylase release induced by isoprenaline and 
carbachol, which are beta-adrenoceptor and, . . 

... 1, 4-benzodiazepine-2- one (Ro 5-4864), which are selective agonists of 
central- and peripheral -type benzodiazepine 

receptors , respectively, also produced a significant and 
dose-dependent decrease in isoprenaline-induced amylase release. The... 

. . . 2-chlorophenyl) -N-methyl-N- (1-methylpropyl) -3-isoquinoline carboxamide 
(PK 11195), which are selective antagonists of central- and 


peripheral -type benzodiazepine receptors / 

respectively, dose dependently blocked the inhibition of 

isoprenaline-induced amylase release by diazepam. At a... 

. . to approximately 75% of that in the presence of isoprenaline alone. The 

combination of both antagonists completely prevented the inhibition 

by diazepam. Similarly, the inhibitory responses of clonazepam and Ro 5... 

...These results suggest that, in rat parotid acinar cells, benzodiazepines 
inhibit beta-adrenoceptor and muscarinic receptor- stimulated amylase 
release and that both central- and peripheral -type 
benzodiazepine receptors contribute to this inhibitory 
regulation. 
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Glucocorticoid excess has broad pathogenic potential including 
neurotoxicity, neuroendangerment , and immunosuppression . Glucocorticoid 
synthesis is regulated by ACTH, which acts by accelerating the transport of 
the precursor cholesterol to the mitochondria where steroidogenesis begins. 
Ginkgo biloba is one of the most ancient trees, and extracts from its 
leaves have been used in traditional medicine. A standardized extract of 
Ginkgo biloba leaves, termed EGb 761 (EGb), has been shown to have 
neuroprotective and antistress effects. In vivo treatment of rats with EGb, 
and its bioactive components ginkgolide A and B, specifically reduces the 
ligand binding capacity, protein, and messenger RNA expression of the 
adrenocortical mitochondrial peripheral -type benzodiazepine% 
%% receptor (PER) , a key element in the regulation of cholesterol 
transport, resulting in decreased corticosteroid synthesis. As expected, 
the ginkgolide-induced decrease in glucocorticoid levels resulted in 
increased ACTH release, which in turn induced the expression of the 
steroidogenic acute regulatory protein. Because ginkgolides reduced the 
adrenal. PER expression and corticosterone synthesis despite the presence of 
high levels of steroidogenic acute regulatory protein, these data 


demonstrate that PBK is indispensable £or normal adrenal fxinction. In 
addition, these results suggest that manipulation of PBR expression could 
control circulating glucocorticoid levels, and that the antistress and 
neuroprotective effects of EGb are caused by to its effect on 
glucocorticoid biosynthesis . 

In vivo regulation of peripheral-type benzodiazepine 
receptor and glucocorticoid synthesis by Ginkgo biloba extract EGb 
761 and isolated ginkgolides. 
Dec 1996, 

. . . specifically reduces the ligand binding capacity, protein, and 
messenger RNA expression of the adrenocortical mitochondrial 
peripheral-type benzodiazepine receptor (PBR) , a 

key element in the regulation of cholesterol transport, resulting in 
decreased corticosteroid synthesis. . . 
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The effect of kainic acid (KA) on mitochondrial membrane potential (MMP) 
and reactive -oxygen species (ROS) production was studied in dissociated 
cerebellar granule cells from rat pups. KA induced a maximum increase of 
361%+/-35%. in ROS production. The lazaroid compound U-83836E (at 
concentrations ranging from 10 (-9) to 5x10 (-6) M) completely inhibited this 
increase, with an IC50 value of 3 . 02+/-1 . 08x10 (-7) M. KA also decreased the 
mitochondrial membrane potential (MMP), with a maximum decrease of about 
30%. Absence of Na+ in the incubation medium did not significantly alter 
the effect of KA on MMP. As expected, the AMPA/kainate receptor 
antagonist NBQX inhibited the effects of KA on MMP with an IC50 value 
of 1.1+/-0.8 microM. However, the lazaroid U-83836E, indomethacin, 
nor-dihydroguaiaretic acid and L-nitroarginine all failed to inhibit the 
KA-induced decrease in the MMP. Finally, to assess the neuroprotective 
effect of U-83836E on KA-induced neurotoxicity in vivo, the increase in the 
peripheral-type benzodiazepine receptor density in 

rat hippocampus was measured. Treatment with KA increased the Bmax to 
1341+/-192 fmol mg(-l) . When U-83836E was coadministered with KA, the Bmax 
was reduced to 765+/-122 fmol mg(-l) , which was not significantly different 
from the Bmax obtained from untreated rats (Bmax: 518+/-33 fmol mg(-l)). We 
conclude that treatment with the lazaroid U-83836E might be a suitable 
therapeutic strategy in neurodegenerative disorders. 

Apr 1998, 

. . . not significantly alter the effect of KA on MMP. As expected, the 
AMPA/kainate receptor antagonist NBQX inhibited the effects of KA on 
MMP with an IC50 value of 1.1... 

. . , neuroprotective effect of U-83836E on KA-induced neurotoxicity in vivo, 
the increase in the peripheral-type benzodiazepine 


receptor density in rat hippocampus was measured. Treatment with KA 
increased the Bmax to 1341+/-192 . . . 
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1 . The responses of the electrically-driven right ventricle strip of the 
guinea-pig heart to diazepam were recorded in the absence and in the 
presence of different selective cyclic nucleotide phosphodiesterase (PDE) 
inhibitors. 2. Diazepam, at concentrations ranging from 1 microM to 100 
microM, was devoid of effect on the contractile force in this preparation. 
3. Conversely, diazepam (5 microM-100 microM) produced a consistent 
positive inotropic response in the presence of a concentration (1 microM) , 
that was without effect in the absence of diazepam, of either of the 
selective PDE 3 inhibitors milrinone or SK&F 94120, but not in the presence 
of the selective PDE 4 inhibitor rolipram. 4 . This effect of diazepam was 
not gamma-aminobutyric acid (GABA) -dependent, since it was neither mimicked 
nor potentiated by GABA, and was not affected by either a high 
concentration (5 microM) of the antagonists of the 
benzodiazepine/GABA/ channel chloride receptor complex, picrotoxin, 
flumazenil and beta-carboline-3-carboxylic acid methyl ester (betaCCMe) , or 
by the inverse agonists, beta-carboline-3-carboxylic acid N-methylamide 
(betaCCMa) and methyl 6 , 7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate 
(DMCM, 0.1 microM) . Furthermore, a specific antagonist of the 
peripheral benzodiazepine receptors, PK 11195 (5 microM) , did not influence 
the effect of diazepam, 5. Biochemical studies with isolated PDEs, 
confirmed that diazepam selectively inhibits type 4 PDE from guinea-pig 
right ventricle rather than the other PDEs present in that tissue. The 
compound inhibited this enzyme in a non -competitive manner. Diazepam was 
also able to inhibit PDE 5, the cyclic GMP specific PDE absent from cardiac 
muscle, with a potency close to that shown for PDE 4. 6. Diazepam displaced 
the selective type 4 PDE inhibitor, rolipram from its high affinity binding 
site in rat brain cortex membranes, and also potentiated the rise in cyclic 
AMP levels induced by isoprenaline in guinea-pig eosinophils, where only 
type 4 PDE is present. 7. The PDE inhibitory properties of diazepam were 
shared, although with lower potency, by other structurally-related 
benzodiazepines, that also displaced [3H] -rolipram from its high affinity 
binding site. The order of potency found for these compounds in these 
assays was not related to their potencies as modulators of the GABA 
receptor through its benzodiazepine binding site. 8. The pharmacological 
and biochemical data presented in this study indicate that diazepam behaves 
as a selective type 4 PDE inhibitor in cardiac tissue and this effect seems 
neither to be mediated by the benzodiazepine/GABA/ channel chloride 
receptor complex nor by peripheral type 

benzodiazepine receptors. 
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The peripheral-type benzodiazepine receptor (PBR) 
is not only widely expressed throughout the body, but it is also 
genetically conserved from bacteria to humans. Many functions have been 
attributed to it, but its primary role remains a puzzle. In the current 
study, we stably transfected cultures of MA-10 Leydig cells with either 
control or 18-kDa PBR antisense knoc]cout plasmids . The antisense knockout 
vector was driven by the human enkephalin promoter, which contains two cAMP 
response elements, such that cAMP treatment of transfected cells could 
superinduce 18-kDa PBR antisense RNA transcription and, hence, 
down-regulate endogenous 18-kDa PBR mRNA levels. Control and knockout MA-10 
cell lines were then compared at the level of receptor binding, thymidine 
incorporation, and steroid biosynthesis. Eighteen-kilodalton PBR knockout 
reduced the maximal binding capacity of tritium-ledaeled PBR ligands, and 
the affinity of receptors to the ligands remained unaltered. Additionally, 
24 -h accumulation of progesterone was lower in the knockout cells. Exposure 
of the two cell types to 8-bromo-cAMP resulted in a robust increase in 
steroid production. However, a complex pattern of steroid accumulation was 
observed, in which further progestin metabolism was indicated. The later 
decline in accumulated progesterone as well as the synthesis of 
androstenedione were different in the two cell types. At the level of cell 
proliferation, reduction of 18-kDa PBR mRNA showed no effect. Thus, we 
conclude that the 18-kDa PBR may have a more important role in 
steroidogenesis than in proliferation in this Leydig cell line. 

Effects of peripheral-type benzodiazepine 

receptor antisense knockout on MA-10 Leydig cell proliferation and 
steroidogenesis . 
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Diazepam-binding inhibitor (DBI) was initially isolated from the rat 
brain as a result of its ability to compete with benzodiazepines for their 
receptors . Immunohis to chemical studies have recently shown the 
presence of peripheral-type benzodiazepine receptor 

(PBR)- and DBI-like imraunoreactivity in the frog adrenal gland. The aim of 
the present study was to investigate the effect of two biologically active 
DBI-derived peptides, the triakontatetreuieuropeptide [TTN; DBI (17-50)] and 
the octadecaneuropeptide [ODN; DBI(33-50)], on corticosteroid secretion by 
frog adrenocortical cells. Exposure of frog adrenal explants to graded 
concentrations of TTN (3.16 x 10(-8) to 3.16 x 10 (-6) M) induced a 
dose-related increase in corticosterone and aldosterone secretion. In 
contrast/ ODN did not modify corticosteroid output. When repeated pulses of 
TTN {10<-6) M) were administered at 2-h intervals, the response of the 
adrenal explants to the second dose of TTN was markedly reduced, suggesting 
the existence of a desensitization phenomenon. Exposure of dispersed 
adrenal cells to TTN also induced a marked stimulation of corticosteroid 
secretion, indicating that TTN acts directly on adrenocortical cells. The 
central-type benzodiazepine receptor (CBR) agonist, clonazepam, did not 
stimulate corticosteroid secretion and the CBR antagonist , 
fluraazenil, did not block the stimulatory action of TTN. Similarly, the PBR 
agonist, Ro5-4864, did not mimic the stimulatory effect of TTN and the PBR 
antagonist , f lunitrazepam, did not affect the stimulatory action of 
TTN. The present study provides the first evidence for a stimulatory effect 
of TTN on intact adrenocortical cells. The receptor mediating the 
corticotropic action of TTN is not related to central- or peripheral- 
type benzodiazepine receptors. Our data suggest that TTN, 

released by chromaffin cells, may act as a paracrine factor regulating the 
activity of adrenocortical cells. 
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Neurons and glial cells are capcible of synthesizing various bioactive 
steroids, but the neuronal mechanisms controlling neurosteroid-secreting 
cells are poorly understood. In the present study, we have investigated the 
possible effect of an endogenous ligand of benzodiazepine receptors, the 
triakontatetraneuropeptide [17-50] (TTN) , on steroid biosynthesis in the 
frog hypothalamus. Immunohistochemical studies revealed that most 
hypothalamic neurons expressing 3 beta-hydroxysteroid dehydrogenase/delta 
5-delta 4-isomerase also contained peripheral-type 

benzodiazepine receptor -like immunoreactivity. Confocal laser 
scanning microscopic analysis revealed that the peripheral -type 
benzodiazepine receptor -imrauno re active material was located 
both in the cytoplasm and at the periphery of the cell bodies. By using the 
pulse-chase technique, TTN was found to stimulate the conversion of 
[3H] pregnenolone into various steroids, including 17-hydroxypregnenolone, 5 
alpha-dihydrotestosterone and 17-hydroxyprogesterone, in a dose -dependent 
manner. The peripheral-type benzodiazepine receptor 

agonist Ro5-4864 mimicked the stimulatory effect of TTN on the formation of 
neurosteroids. The peripheral-type benzodiazepine 
receptor antagonist PK11195 significantly reduced the effect of 
TTN on neurosteroid synthesis, while the central-type benzodiazepine 
receptor antagonist flumazenil did not affect the formation of 
neurosteroids evoked by TTN. These data indicate that TTN stimulates the 
biosynthesis of 3-keto-17 alpha -hydroxys teroids in frog hypothalamic 
neurons through activation of peripheral -type 

benzodiazepine receptors likely located at the plasma membrane 
level . 

Mar 1998, 
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Midazolam administered ip. in albino rats (each group consisted from 10 
animals rendered hyperdyslipidemic by the administration of Triton WR-1339) 
induced at most doses a significant reduction of glycemia (p < 0.001) . 
However, the reduction of blood glucose level was outside of the dangerous 
level. Midazolam elicited also very significant decrease of the elevated 
serum lipids (p < 0.001). The pharmacological analysis of these phenomena 
by using the peripheral type benzodiazepine (BZD) 
receptors antagonist PK 11105, the central BZD receptor 
antagonist flumazenil and the purinergic PI receptors 
antagonist euninophylline has shown that the effects on serum lipids 
were due, very probably to the stiimilation of the peripheral type BZD 
receptors. Aminophylline seems to have the property to block the peripheral 
type BZD receptors. The effects on blood glucose level were very variable. 

1996, 
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these phenomena by using the peripheral type 
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The endozepine triakontatetraneuropeptide diazepam-binding inhibitor 
[17-50] stimulates neurosteroid biosynthesis in the frog hypothalamus. 

Do-Rego JL; Mensah-Nyagan AG; Feuilloley M; Ferrara P; Pelletier G; 
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Neurons and glial cells are capable of synthesizing various bioactive 
steroids, but the neuronal mechanisms controlling neurosteroid-secreting 
cells are poorly understood. In the present study, we have investigated the 
possible effect of an endogenous ligand of benzodiazepine receptors, the 
triakontatetraneuropeptide [17-50] (TTN) , on steroid biosynthesis in the 
frog hypothalamus . Immunohistochemical studies revealed that most 
hypothalamic neurons expressing 3 beta-hydroxysteroid dehydrogenase/delta 
5-delta 4-isomerase also contained peripheral -type 

benzodiazepine receptor -like immuno reactivity. Confocal laser 
scanning microscopic analysis revealed that the peripheral- type 
benzodiazepine receptor -immunoreactive material was located 
both in the cytoplasm and at the periphery of the cell bodies. By using the 
pulse-chase technique, TTN was found to stimulate the conversion of 
[3H] pregnenolone into various steroids, including 17-hydroxypregnenolone, 5 
alpha-dihydrotestosterone and 17-hydroxyprogesterone, in a dose-dependent 
manner. The peripheral -type benzodiazepine receptor 

agonist Ro5-4864 mimicked the stimulatory effect of TTN on the formation of 
neurosteroids . The peripheral -type benzodiazepine 
receptor antagonist PK11195 significantly reduced the effect of 
TTN on neurosteroid synthesis, while the central-type benzodiazepine 
receptor antagonist flumazenil did not affect the formation of 
neurosteroids evoked by TTN. These data indicate that TTN stimulates the 
biosynthesis of 3-keto-17 alpha-hydroxysteroids in frog hypothalamic 
neurons through activation of peripheral -type 

benzodiazepine receptors likely located at the plasma membrane 
level . 

most hypothalamic neurons expressing 3 beta-hydroxysteroid 
dehydrogenase/delta 5-delta 4-isomerase also contained peripheral- 
type benzodiazepine receptor -like immunoreactivity . 

Confocal laser scanning microscopic analysis revealed that the 
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including 17-hydroxypregnenolone, 5 alpha-dihydrotestosterone and 
17-hydroxyprogesterone, in a dose-dependent manner. The peripheral- 
type benzodiazepine receptor agonist Ro5-4864 mimicked 

the stimulatory effect of TTN on the formation of neurosteroids. The 
peripheral- type benzodiazepine receptor antagoni 

st PK11195 significantly reduced the effect of TTN on neurosteroid 
synthesis, while the central-type benzodiazepine receptor antagonist 
flumazenil did not affect the formation of neurosteroids evoked by TTN. 
These data indicate that... 

...the biosynthesis of 3-keto-17 alpha-hydroxysteroids in frog hypothalamic 
neurons through activation of peripheral -type 

benzodiazepine receptors likely located at the plasma membrane 
level . 
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The in vitro effect of benzodiazepine (BZ) receptor ligands on the 
secretion of immunoglobulin isotypes IgM, IgG, and IgA by human peripheral 
blood mononuclear cells (PBMCs) was examined. It was found that the 
specific peripheral-type BZ receptor (PBR) ligands (Ro5-4864 and PK 11195) 
inhibit the spontaneous secretion of IgA by human PBMCs in a dose-dependent 
manner, in the micromolar range. The decreased secretion of IgG and IgM 
induced by these ligands did not reach significant levels. The mixed BZ 
ligands (diazepam and f lunitrazepam) had no consistent or significant 
effect on the production of the three immunoglobulin isotypes tested in the 
current study. The central-type ligand (clonazepam) did not affect IgM, 
IgG, or IgA secretion. The significant inhibitory effect of PBR ligands was 
confined to the spontaneous secretion of IgA by human PBMCs, and no such 
effect was detected in cells stimulated by pokeweed mitogen to produce 
immunoglobulins. It seems that PBR ligands are capable of suppressing 
spontaneous IgA secretion, but fail to affect the augmented production 
induced by mitogen. 

Significant inhibition of spontaneous IgA secretion by selective 
peripheral -type benzodiazepine receptor ligands. 
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An anti-benzodiazepine monoclonal antibody has been used to 
demonstrate the existence of benzodiazepine-like molecules in the brain and 
for the purification of these molecules. Immunocytochemical experiments 
show that these molecules are neuronal and not glial and that they are 
ubiquitously distributed throughout the brain. Immunoblots indicate the 
presence of benzodiazepine-like epitopes in several brain peptides. An 
endogenous substance that binds to the central-type benzodiazepine receptor 
with agonist properties has been purified to homogeneity from the bovine 
brain. The purification consisted on immunoaf f inity chromatography on 
immobilized monoclonal anti-benzodiazepine antibody followed by gel 
filtration on Sephadex G-25 and two reverse phase HPLCs . The purified 
substance has a small molecular weight and its activity is protease 
resistant. The endogenous substance blocks the binding of agonists, inverse 
agonists and antagonists to the central-type benzodiazepine receptor 
but it does not inhibit the binding of Ro5-4864 to the "peripheral- 
type" benzodiazepine receptor . The neurotransmitter 

gamma-amino-butyric acid increases the affinity of the benzodiazepine 
receptor for the purified substance. Thus this benzodiazepine-like 
substance is different from the endogenous benzodiazepine receptor ligands 


reported by others. 


An anti-benzodiazepine monoclonal antibody has been used to 
demonstrate the existence of benzodiazepine-like molecules in the brain and 
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chromatography on immobilized monoclonal anti-benzodiazepine antibody 
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An anti-benzodiazepine monoclonal antibody has been used to 
demonstrate the existence of benzodiazepine-like molecules in the brain. 
Immunocytochemical experiments show that these molecules are neuronal and 
not glial and that they are ubiquitously distributed throughout the brain. 
Immunoblots indicate the presence of benzodiazepine-like epitopes in 
several brain peptides. Small benzodiazepine-like molecules were isolated 
from the brain soluble fraction by immunoaf f inity chromatography. They 
block the binding of agonists, inverse agonists, and antagonists to 
the neuronal-type benzodiazepine receptor. The neurotransmitter 
gamma-aminobutyric acid increases the affinity of the benzodiazepine 
receptor for the purified endogenous molecules. The results indicate that 
the immunoaf finity-purified molecules behave like the neuronal-type 
benzodiazepine receptor agonists. The purified molecules, however, do not 
inhibit the binding of tritiated Ro 5-4864 to the "peripheral- 
type" benzodiazepine receptor . The results demonstrate 
the existence of benzodiazepine-like molecules in the brain that bind 
to the benzodiazepine receptor. These molecules are different from 
the endogenous benzodiazepine receptor ligands reported by others. 

Demonstration of benzodiazepine-like molecules in the mammalian brain 
with a monoclonal antibody to benzodiazepines. 

An anti-benzodiazepine monoclonal antibody has been used to 
demonstrate the existence of benzodiazepine-like molecules in the brain. 
Immunocytochemical . . . 
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Demonstration and purification of an endogenous benzodiazepine from the 
mammalian brain with a monoclonal antibody to benzodiazepines. 

De Bias AL; Sangameswaran L 

Life Sci (ENGLAND) Nov 24 1986, 39 (21) pl927-36, ISSN 0024-3205 
Journal Code: L62 

Contract/Grant No.: NS17708, NS, NINDS 

Languages : ENGLISH 

Document type: JOURNAL ARTICLE 

Four hybridoma lines secreting monoclonal antibodies to 
benzodiazepines were produced after BALB/c mice were immunized with a 
benzodiazepine-bovine serum albumin conjugate. The monoclonal 
antibodies were purified from ascites fluids, and their binding 
affinities for benzodiazepines and other benzodiazepine receptor ligands 
were determined. These antibodies have very high binding affinities 
for diazepam, f lunitrazepam, Ro5-4864, Ro5-3453, Roll-6896, and Ro5-3438 
(the Kd values are in the 10 (-9) M range). However, these antibodies 
have very low affinities for the benzodiazepine receptor inverse agonists 
(beta-carbolines) and antagonists (Rol5-1788 and CGS-8216) . One of 
the monoclonal antibodies (21-7F9) has been used to demonstrate the 
existence of benzodiazepine-like molecules in the brain and for the 
purification of these molecules. Immunocytochemical experiments show that 
these molecules are neuronal and not glial and that they are ubiquitously 
distributed throughout the brain. Immunoblots indicate the presence of 
benzodiazepine-lilce epitopes in several brain peptides. An endogenous 
substance that binds to the central-type benzodiazepine receptor with 
agonist properties has been purified to homogeneity from the bovine brain. 
The purification consisted on immunoaf f inity chromatography on immobilized 
monoclonal anti-benzodiazepine antibody followed by gel filtration on 
Sephadex G-25 and two reverse phase HPLCs. The purified substance has a 
small molecular weight and its activity is protease resistant. The 
endogenous substance blocks the binding of agonists, inverse agonists and 
antagonists to the central-type benzodiazepine receptor but it does 
not inhibit the binding of Ro5-4864 to the peripheral -type 
benzodiazepine receptor . The neurotransmitter 

gamma-aminobutyric acid increases the affinity of the benzodiazepine 
receptor for the purified substance. Preliminary evidence indicates that 
the purified substance is a benzodiazepine with a molecular structure that 
is identical or very close to N-desmethyldiazepam. 

Demonstration and purification of an endogenous benzodiazepine from the 
mammalian brain with a monoclonal antibody to benzodiazepines. 

Four hybridoma lines secreting monoclonal antibodies to 
benzodiazepines were produced after BALB/c mice were immunized with a 
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Effects of peripheral-type benzodiazepine 

receptor antisense knockout on MA-10 Leydig cell proliferation and 
steroidogenesis . 
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The peripheral-type benzodiazepine receptor (PBR) 
is not only widely expressed throughout the body, but it is also 
genetically conserved from bacteria to humans. Many functions have been 
attributed to it, but its primary role remains a puzzle. In the current 
study, we stably transfected cultures of MA-10 Leydig cells with either 
control or 18-kDa PBR antisense knockout plasmids . The antisense knockout 
vector was driven by the human enkephalin promoter, which contains two cAMP 
response elements, such that cAMP treatment of transfected cells could 
superinduce 18-kDa PBR antisense RNA transcription and, hence, 
down-regulate endogenous 18-kDa PBR mRNA levels. Control and knockout MA-10 
cell lines were then compared at the level of receptor binding, thymidine 
incorporation, and steroid biosynthesis. Eighteen-kilodalton PBR knockout 
reduced the maximal binding capacity of trititom-labeled PBR ligands, and 
the affinity of receptors to the ligands remained unaltered. Additionally, 


24 "h accumulation of progesterone was lower in the knockout cells. Exposure 
of the two cell types to 8-bromo-cAMP resulted in a robust increase in 
steroid production. However, a coii5>lex pattern of steroid accumulation was 
observed, in which further progestin metabolism was indicated. The later 
decline in accumulated progesterone as well as the synthesis of 
androstenedione were different in the two cell types. At the level of cell 
proliferation, reduction of 18-kDa PBR mRNA showed no effect. Thus, we 
conclude that the 18-kDa PBR may have a more important role in 
steroidogenesis than in proliferation in this Leydig cell line. 

Effects of peripheral-type benzodiazepine 

receptor antisense knockout on MA-10 Leydig cell proliferation and 
steroidogenesis . 
Mar 6 1998, 

The peripheral-type benzodiazepine receptor (PBR) 
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We have found that protoporphyrin IX, which had been regarded as 
inactive, induces erythroid differentiation. The differentiation-inducing 
activities of various hemin-related compounds, including hematoporphyrin 
IX, mesoporphyrin IX, deuteroporphyrin IX and protoporphyrin IX dimethyl 
ester, suggested certain structural requirements for the activity: 1) the 
iron moiety of hemin is not essential, and 2) the propionic acid side 
chains of hemin play an important role. In addition, we have examined the 
influence of some bioactive factors on hemin/protoporphyrin IX-induced 
differentiation of K562 cell line. Retinoids and tubulin-disruptors 
dose -dependent ly enhanced hemin/protoporphyrin IX-induced differentiation 
of K562 cells, though they did not themselves induce differentiation. 
Retinoid antagonists suppressed hemin-induced differentiation. The 
effects of hemin and/or retinoids on the mRNA expressions of oncogenes 
(c-myc and c-myb) and retinoic acid receptor genes (rar alpha and rar beta) 
of K562 cells were analyzed. We also examined the possible involvement of 
peripheral-type benzodiazepine receptor (PBR) in 

hemin/protoporphyrin IX-induced differentiation of K562 cells by the use of 
its ligands. Diazepam itself was revealed to possess 

differentiation-inducing activity on K562 cells. The PBR-specific ligands 
modified hemin-induced differentiation. These results suggest a requirement 
for retinoids (or retinoid-like cof actors) for hemin/protoporphyrin 
IX-induced differentiation of K562 cells and the involvement of PBR in 
erythroid differentiation of K562 cell line. 

Feb 1997, 
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Hormone -stimulated steroidogenesis is coupled to mitochondrial 
benzodiazepine receptors. Tropic hormone action on steroid biosynthesis is 
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The mitochondrial (peripheral-type) benzodiazepine 
receptor (MBR) is a drug binding site associated with outer 
mitochondrial membranes which is coupled to intramitochondrial cholesterol 
transport, the rate -determining step of steroid biosynthesis. To excunine 
the relationship between MBR function and steroid synthesis regulated by 
polypeptide hormones, the Y-l adrenocortical and MA-10 Leydig cell lines 
were used as model systems responsive to adrenocortico tropin and himian 
choriogonadotropin, respectively. Flunitrazepeun, a benzodiazepine which 
binds to MBR with high nanomolar affinity, inhibited the steroidogenic 
activity of these hormones, or the activation by 1 mM dibutyryl cAMP, in 
both cell lines by 30-60% with an IC50 of 500-1000 nM. Scatchard analysis 
in both cell lines revealed one class of specific binding sites for [3H] 
f lunitrazepam verified as being MBR by displacement studies with a series 
of MBR ligands. The potencies of these ligands to compete against the 
antagonism of hormone -stimulated steroidogenesis by f lunitrazepam 
correlated significantly with their abilities to coicpete against 
[3H]f lunitrazepam binding to MBR (r = 0.99). An inhibition in pregnenolone 
formation was also observed in isolated mitochondrial preparations 
characterized as a reduction of cholesterol transport to inner 
mitochondrial membranes. These observations provide unequivocal evidence 
that the antagonistic action of f lunitrazepam is mediated through its 
interaction with MBR demonstrating that these drug recognition sites are 
coupled to steroid biosynthesis activated by tropic hormones. 

Feb 25 1991, 
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Peripheral benzodiazepine binding sites in Nb 2 node lymphoma cells: 
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3H]Ro 5-4864 binds to Nb 2 node lyzophoma cells in a specific saturcOsle 
and reversible fashion. Scatchard analysis of specific binding data reveals 
a single, homogeneous class of whole cell binding sites with a Kd of 3.94 
+/- 0.22 nM and a Bmax value of 155 +/- 11 fmol (Ro 5-4864 bound) / 2 x 10(6) 
cells. Ro 5-4864, a reported peripheral benzodiazepine receptor agonist 
both inhibits (10 (-6) M) and potentiates (10 (-9) M) the mitogenic action of 
prolactin on the Nb 2 node lymphoma cells. Interestingly, PK 11195, an 
antagonist , potentiates (10 (-9) M) the mitogenic activity of 
prolactin in these cells. The actions of both Ro 5-4864 and PK 11195 seem 
to be mediated through a common receptor type since a 10 (-6) M 
concentration of either agent will block the others potentiating action. 
Furthermore, the simultaneous addition of a 10 (-9) M concentration of Ro 
5-4864 and PK 11195 does not further increase the effect on prolactin 
stimulated mitogenesis. Clonazepam, a central benzodiazepine receptor 
agonist has no effect on prolactin-stimulated mitogenesis in this system. 
These data suggest that the Nb 2 node lymphoma cells possess a 
peripheral-type benzodiazepine receptor. In these 

cells, this receptor seems to serve the function of modulating the 
ability of the growth factor, prolactin to initiate the mitogenic process. 
These studies also suggest that Ro 5-4864 is functioning as a partial 
agonist rather than a 'pure' agonist for the peripheral benzodiazepine 
receptor in this system. 

Nov 14 1989, 
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ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor, the peripheral- 
type benzodiazepine receptor (PER) , are involved in the 
regulation of steroid biosynthesis and that one site of PBR action 
resides in mitochondria. In the present investigation, evidence is 
presented that a functional form of PBR is also present at the cell 
surface. First, PBR was immunolocalized in the rat testis using 
biotin-streptavidin peroxidase immuno cytochemistry, and results revealed 
that PBR was present exclusively in the interstitial Leydig cells. Next, 
the distribution of PBR in MA-10 Leydig cells was further examined using 
confocal microscopy. MA-10 cells were either fixed and immunostained or 
f ixed/permeabilized and immunostained for PRB followed by generation of 
confocal microscope optical sections, three -dimensional reconstructions 
of these sections, and then generation of vertical confocal sections of 
the three-dimensional reconstruction. In the f ixed/\inpermeabilized cells, 
PBR immuno staining at the cell surface was clearly evident, whereas in 
the f ixed/permeabilized cells, intracellular PBR distribution was more 
robust. These results suggest that the plasma membrane fraction of the 
receptor could mediate the action of extracellular PBR ligands on Leydig 
cell function. Next, we examined whether DBI, the naturally occurring PBR 
ligand, is secreted by testicular cells and whether it could activate the 
cell surface PBR. Immunolocalization of DBI demonstrated that it was 
present in both Leydig and Sertoli cells. Further, using an immunoblot 
assay, we demonstrated that DBI is present in rat testicular interstitial 
fluid. MetcJsolic labeling of cultured immature rat Sertoli cells and 
MA-10 mouse tumor Leydig cells, followed by immunoprecipitation of 
the secreted proteins with an anti-DBI antiserum, demonstrated that both 
Leydig and Sertoli cells secrete DBI and could serve as a cell source for 
the interstitial fluid DBI. Then, we partially purified the DBI present 
in conditioned medium and interstitial fluid by reverse phase 
chromatography and demonstrated it to be bioactive, based on displacement 
of a radiolabeled benzodiazepine (Ro5-48 64) -specif ic ligand for PBR, 
pronase treatment of different preparations eliminated all bioactivity. 
We then examined the effects of DBI on Leydig cell function. DBI added to 
MA-10 cells affected DNA synthesis and cell growth in a biphasic manner; 
at low concentrations (1 nM) , DBI was mitogenic, increasing (3H) thymidine 
incorporation and cell numbers by 30-40%, while at high concentrations* (1 
mu-M) , DBI inhibited cell growth (30-40%) . Similar effects on cell growth 
were obtained using the benzodiazepine Ro5-4864. The effects of both DBI 
and Ro5-4864 were inhibited by the antagonist isoquinoline 
carboxamide PK 11195, suggesting that their actions on cell proliferation 
were mediated through PBR. DBI directly added to MA-10 or to purified rat 
Leydig cells also stimulated basal steroid production and potentiated 
submaxinally hCG-stimulated steroidogenesis (by 2- to 3-fold) in a 
dose -dependent manner, with an EC-50 of 10 nM. However, the steroidogenic 
action of DBI was not blocked by PK 11195, but was mimicked by the 
octadecaneuropeptide (DBI- (33-50) ) , a peptide with very low affinity for 
PBR. Because of the widespread occurance of both DBI and PBR in different 
tissues, we investigated whether DBI may also regulate cell growth and 
steroid synthesis in other cell models that contain PBR, such as Swiss 
3T3 fibroblasts and bovine adrenocortical cells, respectively. The data 
obtained clearly indicate that activation of PBR by DBI also alters 3T3 
fibroblasts cell proliferation, but not effect of DBI on steroid 
production in adrenocortical cells was observed. These results 
demonstrate that 1) DBI is secreted by both Leydig and Sertoli cells and 
is present in the testicular interstitial fluid; 2) DBI, presuzaably 
acting via plasma membrane PBR, affects Leydig cell and 3T3 fibroblast 
DNA synthesis and growth; and 3) DBI, acting via PBR-mediated and/or 
-independent mechanisms, stimulates Leydig cell steroid production. Thus, 


we propose that DBI acts as an autocrine/apracrine regulator of Leydig 
cell function. 

. . .binding inhibitor is a paracrine/autocrine regulator of Leydig cell 
proliferation and steroidogenesis: Action via peripheral-type 
benzodiazepine receptor and independent mechanisms. 

ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor, the peripheral- 
type benzodiazepine receptor (PBR) , are involved in the 
regulation of steroid biosynthesis and that one site of PBR. . . 

...testicular interstitial fluid. Metabolic labeling of cultured immature 
rat Sertoli cells and MA-10 mouse tumor Leydig cells, followed by 
immunoprecipitation of the secreted proteins with an anti-DBI antiserum, 
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...benzodiazepine Ro5-4864. The effects of both DBI and Ro5-4864 were 
inhibited by the antagonist isoquinoline carboxamide PK 11195, 
suggesting that their actions on cell proliferation were mediated through 
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Effects of peripheral-type benzodiazepine 

receptor antisense knockout on MA-10 Leydig cell proliferation 
and steroidogenesis. 
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The peripheral-type benzodiazepine receptor (PBR) 
is not only widely expressed throughout the body, but it is also 
genetically conserved from bacteria to humans. Many functions have been 
attributed to it, but its primary role remains a puzzle. In the current 
study, we stably trans fee ted cultures of MA-10 Leydig cells with either 
control or 18-3cDa PBR antisense knockout plasmids. The antisense knockout 
vector was driven by the htiman enkephalin promoter, which contains two cAMP 
response elements, such that cAMP treatment of transfected cells could 
superinduce 18-kDa PBR antisense RNA transcription and, hence, 
down-regulate endogenous 18-kDa PBR mRNA levels. Control and knockout MA-10 
cell lines were then compared at the level of receptor binding, thymidine 
incorporation, and steroid biosynthesis. Eighteen-kilodalton PBR knockout 
reduced the maximal binding capacity of tritium- labeled PBR ligands, and 
the affinity of receptors to the ligands remained unaltered. Additionally, 
24'-h accumulation of progesterone was lower in the knockout cells. Exposure 
of the two cell types to 8-bromo-cAMP resulted in a robust increase in 
steroid production. However, a complex pattern of steroid accimailation was 
observed, in which further progestin metabolism was indicated. The later 


decline in accuxmilated progesterone as well as the synthesis of 
androstenedione were different in the two cell types . At the level of cell 
proliferation , reduction of 18-kDa PBR mRNA showed no effect. Thus, 
we conclude that the 18-kDa PBR may have a more important role in 
steroidogenesis than in proliferation in this Leydig cell line. 

Effects of peripheral-type benzodiazepine 

receptor eintisense knockout on MA-10 Leydig cell proliferation 
and steroidogenesis. 
Mar 6 1998, 

The peripheral-type benzodiazepine receptor (PBR) 
is not only widely expressed throughout the body, but it is also 
genetically conserved. . . 

. . . synthesis of androstenedione were different in the two cell types. At 
the level of cell proliferation, reduction of 18-kDa PBR mRNA showed 
no effect. Thus, we conclude that the 18-kDa PBR may have a more important 
role in steroidogenesis than in proliferation in this Leydig cell 
line . 
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In vitro inhibition of cellular immune responses by benzodiazepines and 
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expression. 
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In vitro mitogen -driven lymphocyte proliferation tests (Con A, LPS) 
on murine lymph node and spleen cells revealed inhibition of T and B cell 
stimulation by different benzodiazepines and by PK 11195, with IC50 values 
in the low micromolar range. T cell responses as a consequence of 
recognition of alloantigens , as measured in mixed lymphocyte cultures 
(MLC) , were affected in an analogous way. In all systems, agonists at 
peripheral type benzodiazepine receptors (Ro 5-4864 

and the non-benzodiazepine compound PK 11195) and diazepam which acts 
on both, central and peripheral type benzodiazepine 
receptors , were most potent; clonazepam, a central type agonist, 
proved about half as active. The central type antagonist Ro 15-1788 
failed to antagonize the action of diazepam and clonazepam. Variations 
among cells from several congenic strains of mice were modest. Cytotoxicity 
could not be made responsible for drug effects. The most susceptible stage 
of mitogen- triggered T and B lymphocyte proliferation was found to be 
at incipience. Radioresistant, adherent spleen cells, upon LPS-stimulation 
formed only small amounts of the cytokine IL-1 . Its release was affected 
only at very high drug concentrations . Similar small amounts of IL-1 were 
generated during MLC; in this case, the drugs were about 10 times less 
potent than in mitogen -induced proliferation assays. Peripheral 
agonists were more active on IL-1 synthesis. Spleen cells stimulated with 
Con A and cultivated with the highest concentration of diazepam and 
clonazepam formed markedly greater amounts of IL-2 than those cultivated in 
medium, while at this concentration PK 11195 allowed no formation of the 
lymphokine . (ABSTRACT TRUNCATED AT 250 WORDS) 

...cellular immune responses by benzodiazepines and PK 11195. Effects on 
mitogen- and alloantigen-driven lymphocyte proliferation and on IL-1, 


IL-2 synthesis and IL-2 receptor expression. 
Nov 1993, 

In vitro mitogen -driven lymphocyte proliferation tests (Con A, LPS) 
on murine lymph node cmd spleen cells revealed inhibition of T. . . 
. . . mixed lynphocyte cultures (MLC) , were affected in an analogous way. In 
all systems, agonists at peripheral type benzodiazepine 
receptors (Ro 5-4864 and the non-benzodiazepine compoxind PK 
11195) and diazepam which acts on both, central and peripheral 
type benzodiazepine receptors , were most potent; 

clonazepam, a central type agonist, proved about half as active. The 
central type antagonist Ro 15-1788 failed to antagonize the action of 
diazepam and clonazepam. Variations among cells. . . 

responsible for drug effects. The most susceptible stage of 
mitogen-triggered T and B lymphocyte proliferation was found to be at 
incipience. Radioresistant, adherent spleen cells, upon LPS -stimulation 
formed only. . . 

... in this case, the drugs were about 10 times less potent than in 
mitogen-induced proliferation assays. Peripheral agonists were more 
active on IL-1 synthesis. Spleen cells stimulated with Con... 
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Peripheral-type benzodiazepines inhibit proliferation of astrocytes 
in culture. 

Bruce JH; Rami rez AM; Lin L; Oracion A; Agarwal RP; Norenberg MD 
Department of Pathology, University of Miami, FL. 

Brain Res (NETHERLANDS) Nov 8 1991, 564 (1) pl67-70, ISSN 
0006-8993 Journal Code: B5L 

Contract/Grant No. : NS 24853, NS, NINDS 

Languages: ENGLISH 

Document type: JOURNAL ARTICLE 

Peripheral-type benzodiazepine (BZD) receptors 
have been identified in brain and are predominantly localized to 
astrocytes. To determine their potential role in controlling astroglial 
proliferation , DNA synthesis, growth curves and mitotic index were 
investigated in primary astrocyte cultures which had been exposed to 
Ro5-4864 (a peripheral -type BZD ligand) and PK11195 (a peripheral -type BZD 
receptor antagonist ) . There was a dose -dependent inhibition of 
mitosis when two-week-old cells in culture were exposed to 50 nM, 500 nM, 1 
microM and 10 microM Ro5-4864 for 24 h. Exposure of 5-, 8-, 12- and 
15-day-old cultures to Ro5-4864 and PK11195 for 24 h did not affect growth 
rate and DNA synthesis; however, continuous exposure to 10 microM Ro5-4864 
caused a persistent inhibition of cell growth and [3H] thymidine 
incorporation (P less than 0.05) while nanomolar concentrations did not 
cause any significant change. Concurrent administration of Ro5-4864 with 
PK11195 resulted in a partial reversal of Ro5-48 64 -induced inhibition in 
DNA synthesis and mitosis. These results indicate that peripheral -type BZDs 
are capable of inhibiting proliferation of astrocytes in culture. 

Peripheral-type benzodiazepines inhibit proliferation of astrocytes 
in culture. 
Nov 8 1991, 

Peripheral-type benzodiazepine (BZD) receptors 
have been identified in brain and are predominantly localized to 
astrocytes. To determine their potential role in controlling astroglial 
proliferation , DNA synthesis, growth curves and mitotic index were 
investigated in primary astrocyte cultures which had. . . 


to Ro5-4864 (a peripheral -type BZD ligand) and PK11195 (a 


peripheral -type BZD receptor antagonist) . There was a dose-dependent 
inhibition of mitosis when two-week-old cells in culture. . . 

. . . DNA synthesis and mitosis. These results indicate that peripheral -type 
BZOs are capable of inhibiting proliferation of astrocytes in 
culture . 
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The benzodiazepines had already been in wide use as anxiolytics and 
anticonvulsants for more than ten years before their site of action in the 
central nervous system, the benzodiazepine receptor, was discovered. 
Simultaneously, a binding site in the peripheral organs, e.g. heart, lungs 
and kidneys, was found. Although some benzodiazepines, such as diazepam, 
bind to both central and peripheral benzodiazepine receptors with a high 
affinity, these two binding sites exhibit quite different properties. It is 
already clear that the central benzodiazepine receptors are in many regions 
of the brain coupled with the receptors for gamma-amino butyric acid, and 
they mediate the acute actions of benzodiazepines in the central nervous 
system. Through them opposite effects, such as anxiety and convulsions, can 
also be evoked by using inverse agonists, e.g. some beta-carbolines . All 
these effects can be blocked with benzodiazepine receptor antagonists 
, some of which are already used as specific antidotes against 
benzodiazepine overdose. The multitude of pharmacological effects that can 
be produced through central benzodiazepine receptors provides a good 
opportunity for the development of new drugs. The role of the 
peripheral-type receptors is less clear, but it seems that they are 
connected with more slowly-appearing drug actions, such as modulation of 
cell proliferation . Now that endogenous ligands for both the 
central- type (a peptide called diazepam binding inhibitor; DBI) and for the 
peripheral-type (porphyrins) benzodiazepine receptors% 

%% have been discovered, even more productive research can be expected. 

Central-type and peripheral -type benzodiazepine 
receptors . 
1988, 

agonists, e.g. some beta-carbolines. All these effects can be blocked 
with benzodiazepine receptor antagonists, some of which are already 
used as specific antidotes against benzodiazepine overdose. The multitude 
of. . . 

...that they are connected with more slowly-appearing drug actions, such as 

modulation of cell proliferation . Now that endogenous ligands for 

both the central-type {a peptide called diazepam binding inhibitor; DBI) 

and for the peripheral -type (porphyrins) benzodiazepine 

receptors have been discovered, even more productive research can be 

expected . 


12/3,K,AB/5 (Item 5 from file: 155) 

DIALOG(R) File 155 : MEDLINE (R) 

(c) format only 1999 Dialog Corporation. All rts. reserv. 


05818639 90127028 

Peripheral benzodiazepine binding sites in Nb 2 node lyir^jhoma cells: 
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3H]Ro 5-4864 binds to Nb 2 node lymphoma cells in a specific saturable 
and reversible fashion. Scatchard analysis of specific binding data reveals 
a single, homogeneous class of whole cell binding sites with a Kd of 3.94 
+/- 0.22 nM and a Bmax value of 155 +/- 11 fmol (Ro 5-4864 bound) /2 x 10(6) 
cells. Ro 5-4864, a reported peripheral benzodiazepine receptor agonist 
both inhibits (10 (-6) M) and potentiates (10 (-9) M) the mitogenic action of 
prolactin on the Nb 2 node lymphoma cells. Interestingly, PK 11195, an 
antagonist , potentiates (10 (-9) M) the mitogenic activity of 
prolactin in these cells. The actions of both Ro 5-4864 and PK 11195 seem 
to be mediated through a common receptor type since a 10 (-6) M 
concentration of either agent will block the others potentiating action. 
Furthermore, the simultaneous addition of a 10 (-9) M concentration of Ro 
5-4864 and PK 11195 does not further increase the effect on prolactin 
stimulated mitogenesis . Clonazepam, a central benzodiazepine receptor 
agonist has no effect on prolactin-stimulated mitogenesis in this system. 
These data suggest that the Nb 2 node lymphoma cells possess a 
peripheral -type benzodiazepine receptor. In these 

cells, this receptor seems to serve the function of modulating the 
ability of the growth factor, prolactin to initiate the mitogenic process. 
These studies also suggest that Ro 5-4864 is functioning as a partial 
agonist rather than a 'pure' agonist for the peripheral benzodiazepine 
receptor in this system. 

Peripheral benzodiazepine binding sites in Nb 2 node lymphoma cells: 
effects on prolactin-stimulated proliferation and ornithine 
decarboxylase activity. 

Nov 14 1989/ 

... mitogenic action of prolactin on the Nb 2 node lymphoma cells. 
Interestingly, PK 11195, an antagonist, potentiates (10 (-9) M) the 
mitogenic activity of prolactin in these cells. The actions of... 
... in this system. These data suggest that the Nb 2 node lymphoma cells 
possess a peripheral- type benzodiazepine receptor. 

In these cells, this receptor seems to serve the function of 
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ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor, the peripheral- 
type benzodiazepine receptor (PER), are involved in the 
regulation of steroid biosynthesis and that one site of PER action 
resides in mitochondria. In the present investigation, evidence is 
presented that a functional form of PER is also present at the cell 
surface. First, PER was immunolocalized in the rat testis using 
biotin-streptavidin peroxidase immunocytochemistry, and results revealed 
that PER was present exclusively in the interstitial Leydig cells. Next, 
the distribution of PER in MA-10 Leydig cells was further examined using 
confocal microscopy. MA-10 cells were either fixed and immunostained or 
f ixed/permeabilized and immunostained for PRE followed by generation of 
confocal microscope optical sections, three-dimensional reconstructions 
of these sections, and then generation of vertical confocal sections of 
the three-dimensional reconstruction. In the f ixed/unpermeabilized cells, 
PER immunostaining at the cell surface was clearly evident, whereas in 
the f ixed/permeabilized cells, intracellular PER distribution was more 
robust. These results suggest that the plasma membrane fraction of the 
receptor could mediate the action of extracellular PER ligands on Leydig 
cell function. Next, we examined whether DBI, the naturally occurring PER 
ligand, is secreted by testicular cells and whether it could activate the 
cell surface PER. Immunolocalization of DEI demonstrated that it was 
present in both Leydig and Sertoli cells. Further, using an immunoblot 
assay, we demonstrated that DEI is present in rat testicular interstitial 
fluid. Metabolic labeling of cultured immature rat Sertoli cells and 
MA-10 mouse tumor Leydig cells, followed by immunoprecipitation of the 
secreted proteins with an anti-DBI antiserum, demonstrated that both 
Leydig and Sertoli cells secrete DEI and could serve as a cell source for 
the interstitial fluid DEI. Then, we partially purified the DEI present 
in conditioned medium and interstitial fluid by reverse phase 
chromatography and demonstrated it to be bioactive, based on displacement 
of a radiolabeled benzodiazepine {Ro5-4864 ) -specif ic ligand for PER, 
pronase treatment of different preparations eliminated all bioactivity. 
We then examined the effects of DEI on Leydig cell function. DEI added to 
MA-10 cells affected DNA synthesis and cell growth in a biphasic manner; 
at low concentrations (1 nM) , DEI was mitogenic, increasing ( 3H) thymidine 
incorporation and cell numbers by 30-40%, while at high concentrations (1 
mu-M) , DEI inhibited cell growth (30-40%). Similar effects on cell growth 
were obtained using the benzodiazepine Ro5-4864. The effects of both DBI 
and Ro5-4864 were inhibited by the antagonist isoquinoline 
carboxamide PK 11195, suggesting that their actions on cell 
proliferation were mediated through PER. DEI directly added to 
MA-10 or to purified rat Leydig cells also stimulated basal steroid 
production and potentiated submaxinally hCG-stimulated steroidogenesis 
(by 2- to 3-fold) in a dose-dependent manner, with an EC-50 of 10 nM. 
However, the steroidogenic action of DEI was not blocked by PK 11195, but 
was mimicked by the octadecaneuropeptide (DEI- (33-50) ) , a peptide with 
very low affinity for PER. Because of the widespread occurance of both 
DBI and PER in different tissues, we investigated whether DEI may also 
regulate cell growth and steroid synthesis in other cell models that 
contain PER, such as Swiss 3T3 fibroblasts and bovine adrenocortical 
cells, respectively. The data obtained clearly indicate that activation 
of PER by DEI also alters 3T3 fibroblasts cell proliferation, but 
not effect of DBI on steroid production in adrenocortical cells was 
observed. These results demonstrate that 1) DEI is secreted by both 
Leydig and Sertoli cells and is present in the testicular interstitial 
fluid; 2) DEI, presumably acting via plasma membrane PER, affects Leydig 
cell and 3T3 fibroblast DNA synthesis and growth; and 3) DEI, acting via 
PER-mediated and/or -independent mechanisms, stimulates Leydig cell 
steroid production. Thus, we propose that DEI acts as an 


autocrine/apracrine regulator of Leydig cell function. 

Diazepam binding inhibitor is a paracrine/autocrine regulator of Leydig 
cell proliferation and steroidogenesis: Action via peripheral 
-type benzodiazepine receptor and independent 
mechanisms . 

ABSTRACT: Previous studies demonstrated that the polypeptide diazepam 
binding inhibitor (DBI) and its receptor, the peripheral- 
type benzodiazepine receptor (PER), are involved in the 
regulation of steroid biosynthesis and that one site of PER... 

...benzodiazepine Ro5-4864. The effects of both DEI and Ro5-4864 were 
inhibited by the antagonist isoquinoline carboxamide PK 11195, 
suggesting that their actions on cell proliferation were mediated 
through PER. DBI directly added to MA-10 or to purified rat Leydig... 

...data obtained clearly indicate that activation of PER by DEI also alters 
3T3 fibroblasts cell proliferation, but not effect of DEI on 
steroid production in adrenocortical cells was observed. These results 
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We have previously shown that a majority of human melanoma cell lines 
derived from early-stage lesions were growth inhibited by exogenous 
interleukin 6 (IL-6) in vitro, whereas cell lines from advanced-stage 
lesions were resistant to such IL-6-induced growth inhibition. Among 
the resistant melanoma cell lines, 50-60% consti'tutively produced IL-6, 
which appeared to function as a growth stimulator in vitro, based on the 
growth-suppressive effects of antisense oligonucleotides to the 
IL-6 gene. The present study was primarily aimed at evaluating whether 
endogenous IL-6 also functions in vivo as a growth modulator for 
IL-6-producing and -nonproducing melanoma cells. To do so, we first 
introduced an IL-6 expression vector into IL-6-nonproducing 
human melanoma cells using WM35, an early-stage (radial growth phase) cell 
line, the growth of which is normally inhibited by IL-6, and WM983A, 
an advanced-stage cell line, the growth of which in vitro is not affected 
by exogenous IL-6. None of the IL-6-producing transf ectants showed a 
significant alteration in tumor growth in nude mice. Next, two 
IL-6-producing melanoma cell lines, both of which were derived from 
metastases, MeWo and WM9, and which are growth resistant to exogenously 
added IL-6, were transf ected with a n antisense IL-6 expressio n 
vector . Several transfectant clones manifested a constitutive 
decrease in IL-6 gene expression and protein production, and they 
also gave rise to much smaller tumors with slower growth rates and longer 
latency periods. However, these IL-6 antisense transf ectants were not 
growth suppressed in in vitro cell cultures, relative to their respective 
parental controls. Taken together, the results demonstrate that endogenous 
IL-6 can indeed function as a growth stimulator for human cutaneous 
melanomas in vivo. This growth-stimulatory or survival mechanism remains to 
be clarified but may be paracrine rather than autocrine in nature. 

Aug 1996, 

. . . that a majority of human melanoma cell lines derived from early-stage 
lesions were growth inhibited by exogenous interleukin 6 (IL-6) in 
vitro, whereas cell lines from advanced-stage lesions were resistant to 


such IL-6-induceci growth inhibition . Among the resistant melanoma 
. cell lines, 50-60% constitutively produced IL-6, which appeared to function 
as a growth stimulator in vitro, based on the growth-suppressive effects of 
antisense oligonucleotides to the IL-6 gene. The present study 
was primarily aimed at evaluating whether endogenous... 

... 6-producing and -nonproducing melanoma cells. To do so, we first 

introduced an IL-6 expression vector into IL-6-nonproducing 

human melanoma cells using WM35, an early-stage (radial growth phase) cell 

line, the growth of which is normally inhibited by IL-6, and WM983A, 

an advanced-stage cell line, the growth of which in... 

...are growth resistant to exogenously added IL-6, were transfected with an 
antisense IL-6 expression vector. Several transfectant clones 
manifested a constitutive decrease in IL-6 gene expression and 
protein production, and they also gave rise to much smaller tumors with 
slower growth... 
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In the embryonic chicken neuroepithelium, butyrylcholinesterase (BChE) as 
a proliferation marker and then acetylcholinesterase (AChE) as a 
differentiation marker are expressed in a mutually exclusive manner. 
These and other data indicate a coregulation of cholinesterase 
expression , and also possible roles of cholinesterases during 
neurogenesis. Here, both aspects are investigated by two independent 
transfection protocols of dissociated retina cells of the 6-day-old chick 
embryo in reaggregation culture, both protocols leading to efficient 
overexpression of AChE protein. The effect of the overexpressed AChE 
protein on the re-establishment of retina-like three-dimensional networks 
(so-called retinospheroids) was studied. In a first approach, we 
transfected retinospheroids with a pSVK3 expression vector into 
which a cDNA construct encoding the entire rabbit AChE gene had been 
inserted in sense orientation. As detected at the mRNA level, rabbit AChE 
was heterologously overexpressed in chicken retinospheroids. Remarkably, 
this was accompanied by a strong increase in endogenous chicken AChE 
protein, while the total AChE activity was only slightly increased. This 
increase was due to chicken enzyme, as shown by species-specific 
inhibition studies using fasciculin. Clearly, total AChE activity is 
regulated post-translationally . As an alternative method of AChE 
overexpression, transfection of spheroids was performed with an 
antisense-5 • -BChE vector , which not only resulted in the 
down-regulation of BChE expression , but also strongly increased 
chicken AChE transcripts, protein and enzyme activity. Histologically, a 
higher concentration of AChE protein (as a consequence of either AChE 
overexpression or BChE suppression) was associated with an advanced degree 


of tissue differentiation, as detected by immunostaining for the 
cytoskeletal protein vimentin. 

Regulation of cholinesterase gene expression affects neuronal 
differentiation as revealed by transfection studies on reaggregating 
embryonic chicken retinal cells. 
Nov 1997, 

... butyrylcholinesterase (BChE) as a proliferation marker and then 
acetylcholinesterase (AChE) as a differentiation marker are expressed 
in a mutually exclusive manner. These and other data indicate a 
coregulation of cholinesterase expression, and also possible roles of 
cholinesterases during neurogenesis. Here, both aspects are investigated by 
two . . . 

... so-called retinospheroids ) was studied. In a first approach, we 
transfected retinospheroids with a pSVK3 expression vector into 
which a cDNA construct encoding the entire rabbit AChE gene had been 
inserted in. . . 

... only slightly increased. This increase was due to chicken enzyme, as 
shown by species-specific inhibition studies using fasciculin. 
Clearly, total AChE activity is regulated post-translationally . As an 
alternative method of AChE overexpression, transfection of spheroids was 
performed with an antisense-5 • -BChE vector, which not only resulted 
in the down-regulation of BChE expression , but also strongly 
increased chicken AChE transcripts, protein and enzyme activity. 
Histologically, a higher concentration... 
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In vivo production of oligodeoxyribonucleotides of specific sequences: 
application to antisense DNA. 

Inouye M; Mao JR; Shimamoto T; Inouye S 

Robert Wood Johnson Medical School, Department of Biochemistry, 
Piscataway, NJ 08854-5635, USA. 

Ciba Found Symp (NETHERLANDS) 1997, 209 p224-33; discussion 
233-4, ISSN 0300-5208 Journal Code: D7X 

Contract/Grant No.: GM44012, GM, NIGMS 

Languages : ENGLISH 

Document type: JOURNAL ARTICLE; REVIEW; REVIEW, TUTORIAL 

Retrons, bacterial retroelements found in Gram-negative bacteria, are 
integrated into the bacterial genome expressing a reverse 
transcriptase related to eukaryotic reverse transcriptase. The bacterial 
reverse transcriptases are responsible for the production of multicopy, 
single-stranded (ms) DNA consisting of a short single-stranded DNA that is 
attached to an internal guanosine residue of an RNA molecule by a 
2 ' , 5'-phosphodiester linkage. Reverse transcriptases use an RNA transcript 
from the retrons, not only as primer, but also as template for msDNA 
synthesis. By studying the structural requirement, it was found that for 
msDNA synthesis an internal region of msDNA can be replaced with other 
sequences. msDNA can thus be used as a vector for in vivo production 


of an oligodeoxyribonucleotide of a specific sequence. Artificial msDNAs 
containing a sequence cort^lementary to part of the mRNA for the major outer 
membrane lipoprotein of Escherichia coli effectively inhibited 
lipoprotein biosynthesis upon induction of msDNA synthesis. This is the 
first demonstration of in vivo synthesis of oligodeoxyribonucleotides 
having antisense function. Since we have previously demonstrated that 
bacterial retrons are functional in eukaryotes producing msDNA in yeast and 
in mouse NIH/3T3 fibroblasts, the present system may also be used to 
produce a specific oligodeoxyribonucleotide inside the cells to regulate 
eukaryotic gene expression artificially. We also describe a method to 
produce cDNA to a specific cellular mRNA using the retron system. 

1997, 

Retrons, bacterial retroelements found in Gram-negative bacteria, are 
integrated into the bacterial genome expressing a reverse 
transcriptase related to eukaryotic reverse transcriptase. The bacterial 
reverse transcriptases are responsible for. . . 

...of msDNA can be replaced with other sequences. msDNA can thus be used as 
a vector for in vivo production of an oligodeoxyribonucleotide of a 
specific sequence. Artificial msDNAs containing a... 

... to part of the mRNA for the major outer membrane lipoprotein of 
Escherichia coli effectively inhibited lipoprotein biosynthesis upon 
induction of msDNA synthesis. This is the first demonstration of in vivo... 

. . . also be used to produce a specific oligodeoxyribonucleotide inside the 
cells to regulate eukaryotic gene expression artificially. We also 
describe a method to produce cDNA to a specific cellular mRNA using. . . 
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Expression of a D2 dopamine receptor antisense RNA in brain 
inhibits D2-mediated behaviors. 
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Drugs currently used to treat disorders of dopamine-mediated behaviors in 
the central nervous system are non-selective in that they interact not only 
with more than one isoform of dopamine receptor but also with receptors for 
other neurotransmitters. A new strategy to inhibit the actions of 
individual dopamine receptor subtypes is to inhibit the synthesis of 
the receptors through the use of oligonucleotides antisense to 
the transcripts encoding the different receptors. Earlier studies showed 
that oligodeoxynucleo tides antisense to the Dl or D2 dopamine receptor 
messenger RNAs specifically inhibited the biological actions mediated 
by these individual isoforms of the dopamine receptor. However, these 
actions were relatively short-lasting. To determine whether one can achieve 
long-lasting inhibition of dopamine responses, while still taking 


advantage of the highly selective nature of an antisense strategy / an 
expression vector was eztployed that generates antisense RNA to 
the transcript encoding the D2 dopamine receptor. A single intrastriatal 
injection of this vector generated an antisense RNA to the D2 
dopamine receptor, selectively reduced the levels of D2 dopamine 
receptors, and caused selective, long-term inhibition of behaviors 
mediated by D2 dopamine agonists. Such an antisense BNA strategy may find 
use in studying the fimction of dopaminergic receptors and in disorders 
associated with dopaminergic hyperactivity. 

Expression of a D2 dopamine receptor antisense RNA in brain 
inhibits D2-mediated behaviors. 
Oct 1997, 

. . . isoform of dopamine receptor but also with receptors for other 
neurotransmitters. A new strategy to inhibit the actions of 
individual dopamine receptor subtypes is to inhibit the synthesis of 
the receptors through the use of oligonucleotides antisense to 
the transcripts encoding the different receptors. Earlier studies showed 
that oligodeoxynucleotides antisense to the Dl or D2 dopamine receptor 
messenger RNAs specifically inhibited the biological actions mediated 
by these individual isoforms of the dopamine receptor. However, these 
actions were relatively short-lasting. To determine whether one can achieve 
long-lasting inhibition of dopamine responses, while still taking 
advantage of the highly selective nature of an antisense strategy, an 
expression vector was employed that generates antisense RNA to 
the transcript encoding the D2 dopamine receptor. A single intrastriatal 
injection of this vector generated an antisense RNA to the D2 
dopamine receptor, selectively reduced the levels of D2 dopamine 
receptors, and caused selective, long-term inhibition of behaviors 
mediated by D2 dopamine agonists. Such an antisense RNA strategy may find 
use. . . 
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Down-regulation of the nin23.hl gene inhibits cell proliferation. 
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nm23 gene expression is strictly related to the state of cell 
growth. The level of its expression parallels the fraction of 
thymidine -incorporating cells (S-phase cells) in neoplastic mammary tissues 
and in the synchronously cycling fraction of MCF lOA cells. nm23.hl reaches 
a peak of expression in the S-phase, and is present at very low level 
during the GO/Gl phase. Two strategies are used to demonstrate the direct 
involvement of the nm23.hl gene in the process of cell proliferation. The 
first consists of transient inhibition of nm23.hl expression by 
using anti-sense oligonucleotide treatment; weak inhibitory effect on 
cell proliferation is observed. The second strategy involves the stable 
inhibition of nm23.hl expression by transfection of MCFIOA 
cells with a plasmid vector expressing the human nm23.hl 
anti-sense mRNA. The anti-sense-transfected cells show consistently slower 
proliferative activity than the control. 


Down-regiilation of the nia23.hl gene inhibits cell proliferation. 
Oct 9 1997, 

nm23 gene expression is strictly related to the state of cell 
growth. The level of its expression parallels the fraction of 
thyznidine-incorporating cells (S-phase cells) in neoplastic mammary tissues 
and in the synchronously cycling fraction of MCP lOA cells. nm23.hl reaches 
a peak of expression in the S-phase, euid is present at very low level 
during the GO/Gl . . . 

... the nm23.hl gene in the process of cell proliferation. The first 
consists of transient inhibition of nm23.hl expression by using 
anti-sense oligonucleotide treatment; weak inhibitory effect on cell 
proliferation is observed. The second strategy involves the stable 
inhibition of nm23.hl expression by transfection of MCFIOA 
cells with a plasmid vector expressing the human nm23.hl 
anti-sense mRNA. The an ti- sense -trans fee ted cells show consistently slower 

Descriptors : Breast — Metabolism — ME ; *Cell Division — Physiology — PH; 
♦Down-Regulation (Physiology) ; *Gene Expression Regulation, 
Enzymologic; ^Nucleoside -Diphosphate Kinase — Metabolism — ME; * Transcription 
Factors — Metabolism — ME...; Drug Effects — DE; Cell Line, Transformed; DNA 
— Biosynthesis — BI; DNA — Drug Effects — DE; Epitheliiim; Gene 

Expression Regulation, Enzymologic — Physiology — PH; Nucleoside -Diphos 
phate Kinase — Genetics — GE; Oligonucleotides, Antisense 
— Pharmacology — PD; RNA, Messenger — Drug Effects — DE; Transcription Factors 
— Genetics — GE ; Transfection 

Chemical Name: Nucleoside-Diphosphate Kinase; (Nm23 protein; { 
Oligonucleotides, Antisense; (RNA, Messenger; (Transcription 
Factors; (DNA 


9/3,K,AB/6 (Item 6 from file: 155) 

DIALOG (R) File 155 : MEDLINE (R) 

(c) format only 2000 Dialog Corporation. All rts. reserv. 

09268944 97313471 

Heme oxygenase -mediated resistance to oxygen toxicity in hamster 
fibroblasts . 
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The role of heme oxygenase (HO) -1 was evaluated in the oxygen-resistant 
hamster fibroblast cell line, 02R95, which moderately overexpress HO when 
compared with the parental cell line, HA-1 . To suppress HO-1 
expression, 02R95 were transfected with HO-1 antisense 
oligonucleotide or treated with tin-mesoporphyrin (SnMP) . To increase 
HO-1 expression , cells were transfected with HO-1 cDNA in a 
pRC/cytomegalovirus (CMV) vector . All cells were challenged with a 
48-h exposure to 95% 02 (hyperoxia) . When HO activity was suppressed, 02R95 
cells had significantly decreased cell viability, increased susceptibility 
to lipid peroxidation, and increased protein oxidation in hyperoxia. In 
contrast, further overexpression of HO-1 did not improve resistance to 
oxygen toxicity. Antisense -trans fee ted cells and SnMP-treated cells with 
lowered HO activity showed increased levels of cellular heme compared with 
controls. In the HO-1 cDNA- transfected 02R95 cells, cellular heme was 
lowered compared with controls; however, cellular redox active iron levels 
were increased. We conclude that HO mediates cytoprotection to oxygen 
toxicity within a narrow range of expression. We speculate that this 
protective effect may be mediated in part through increased metabolism of 
the pro-oxidant heme but that higher levels of HO activity obviate 


protection by increased redox active iron release. 


Jun 6 1997, 

... overexpress HO when coiopared with the parental cell line, HA-1. To 
suppress HO-1 expression, 02R95 were transfected with HO-1 
antisense oligonucleotide or treated with tin-mesoporphyrin 
(SnMP) . To increase HO-1 expression, cells were transfected with HO-1 
cDNA in a pRC/cytomegalovirus (Ca4V) vector. All cells were challenged 
with a 48-h exposure to 95% 02 ( hyper oxia ) . When HO... 

...increased. We conclude that HO mediates cytoprotection to oxygen 
toxicity within a narrow range of expression. We speculate that this 
protective effect may be mediated in part through increased metabolism of 
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We report here that all trans-retinoic acid (RA) , a classical morphogen, 
induces apoptosis during the neural differentiation of the embryonic stem 
cell line P19. The apoptotic cells showed, in addition to DNA cleavage, 
typical morphological changes including chromatin condensation, nuclear 
fragmentation, and cytoplasmic vacuolation. These apoptotic changes became 
obvious by 12 h after the addition of RA. The endogenous expression 
of bcl-2 in surviving cells was down-regulated during this process, and the 
compelled expression of bcl-2 by retroviral vectors reduced the 
number of apoptotic cells. Apoptosis was partially inhibited by 
adding antisense oligonucleotides against RA receptors (RARs) 
simultaneously or by transfecting a plasmid vector flanked with a 
RA-responsive element. Antisense oligonucleotides against 
retinoid X receptors (RXRs) , the receptors for 9 cis-RA, did not 
inhibit apoptosis induced by all trans -RA. Cycloheximide and 
actinoraycin D, inhibitors of protein and RNA syntheses, respectively, 
suppressed apoptosis. No changes were seen in the expression of tumor 
necrosis factors, their receptors, Fas, FasL, p53, or c-myc, molecules 
which have been suggested to participate in the apoptotic process. Addition 
of neurotrophins to the culture medium did not affect apoptosis. These 
findings suggest that the signals themselves, promote expression of 
molecules essential for apoptosis. Furthermore, we observed that RA induced 
apoptosis of cerebral neurons from murine embryos in primary culture, which 
suggests that RA might participate in cell death which occurs during neural 
development . 

Bcl-2 inhibits retinoic acid-induced apoptosis during the neural 


* differentiation of embryonal stem cells. 
Mar 1996, 

. . . These apoptotic changes became obvious by 12 h after the addition of 
RA. The endogenous expression of bcl-2 in surviving cells was 
down-regulated during this process, and the compelled expression of 
bcl-2 by retroviral vectors reduced the number of apoptotic cells. 
Apoptosis was partially inhibited by adding antisense 
oligonucleotides against RA receptors (RARs) simultaneously or by 
transfecting a plasmid vector flanked with a RA-responsive element. 
Antisense oligonucleotides against retinoid X receptors (RXRs) , 
the receptors for 9 cis-RA, did not inhibit apoptosis induced by all 
trans-RA. Cycloheximide and actinomycin D, inhibitors of protein and 
RNA syntheses, respectively, suppressed apoptosis. No changes were seen in 
the expression of tumor necrosis factors, their receptors. Fas, FasL, 
p53, or c-myc, molecules which have... 

. . . the culture medixim did not affect apoptosis . These findings suggest that 
the signals themselves, promote expression of molecules essential for 
apoptosis. Furthermore, we observed that RA induced apoptosis of cerebral 
neurons . . . 
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Central over expression of the TRH precursor gene induces hypertension in 
rats : antisense reversal . 
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Extrahypothalamic TRH participates in cardiovascular regulation and 
spontaneous hypertension of the rat. To investigate whether an increase in 
central TRH activity produces hypertension we studied the effect of the 
preTRH overproduction induced by I.C.V. transfection with a naked 
eukaryotic expression plasmid vector which encodes preTRH 
(pCMV-TRH) . Northern blot analysis and RT-PCR showed that pCMV-TRH was 
transcribed in vitro and in vivo. At 24, 48, and 72 hours, pCMV-TRH (100 
microg) in a significant and dose -dependent manner increased 37%, 84%, and 
49%, respectively, the diencephalic TRH content and SABP (42+/-3, 50+/-2, 
and 22+/-2 mm Hg, respectively) with respect to the vector without 
the preTRH cDNA insert (V[TRH(-)]) as measured by RIA and the 
plethysmographic method, respectively, in awake animals. In addition, using 
immunohistochemistry we found that the increase of TRH was produced in 
circiimventricular areas where the tripeptide is normally located. To 
further analyze the specificity of these effects we studied the actions of 
23-mer sense (S) , antisense (AS), and 3 'self -stabilized sense (Ss) and 
antisense (ASs) phosphorothioate oligonucleotides against the 
initiation codon region. Only ASs inhibited the increase of TRH 
content and SABP induced by pCMV-TRH treatment. In addition, 


. pCMV-TRH-induced hypertension seems not to be mediated by central Ang II or 
serum TSH. To siimmarize, central TRH overproduction in periventricular 
areas induced by I.C.V. transfection produces hypertension in rats which is 
reversed by specific antisense treatment. This model may help in testing 
effective antisense oligodeoxynucleo tides against other candidate genes. 

Sep 1997, 

... effect of the preTRH overproduction induced by I.C.V. transfection 
with a naked euXaryotic expression plasmid vector which encodes 
preTRH (pCa^-TRH) . Northern blot analysis and RT-PCR showed that pCMV-TRH 

... SABP (42+/-3, 50+/-2, and 22+/-2 mm Hg, respectively) with respect to 
the vector without the preTRH cDNA insert (VtTRH(-)]) as measured by 
RIA and the plethysmographic method. . . 

...actions of 23-mer sense (S) , antisense (AS), and 3 ' self -stabilized sense 
(Ss) and antisense (ASs) phosphorothioate oligonucleotides 
against the initiation codon region. Only ASs inhibited the increase 
of TRH content and SABP induced by pCMV-TRH treatment. In addition, pCMV. 
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ETS-1 induces increased expression of erythroid markers in the 
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Mezhbers of the ETS gene family are known to be expressed in 
hematopoietic tissues and cell lines, and there is increasing evidence that 
ETS proteins may play a role in normal hematopoietic cell development. We 
demonstrate that ETS-1 can contribute to the development of an erythroid 
phenotype in vitro. The pluripotent erythroleukemic K562 and HEL cell lines 
express messages for a number of ETS genes, but only c-ETS-1 levels 
are elevated in response to treatment with hemin or cytosine 
arabinofuranoside (Ara-C) , agents which induce erythroid differentiation. 
Furthermore, ETS-1 antisense oligonucleotides inhibit 

hemoglobinization of cells treated with Ara-C or hemin, and K562 and HEL 
cells infected with retrovirus expressing the c-ETS-1 gene exhibit a 
significant increase in erythroid character (as indicated by benzidine 
staining for hemoglobin (Hb) and surface marker analysis) , a dramatic 
increase in responsiveness to hemin or Ara-C, and a decreased rate of 
proliferation (20-40% of control rates) . In contrast, infection with virus 
expressing ETS-2 or vector sequences only causes no detectable 
changes in the proliferation or erythroid character of either the HEL or 
K562 cell lines. These data indicate a role for ETS-1 in erythroid 
differentiation . 

ETS-1 induces increased expression of erythroid markers in the 
pluripotent erythroleukemic cell lines K562 and HEL. 
Aug 1997, 


Mem bers of the ETS gene feunily are known to be expressed in 
hematopoietic tissues and cell lines , and there is increasing evidence that 
ETS proteins may. . . 

. . . development of an erythroid phenotype in vitro. The pluripotent 
erythroleuXemic K562 and HEL cell lines express messages for a niimber 
of ETS genes, but only c-ETS-1 levels are elevated... 

. . . with hemin or cytosine arabinofuranoside (Ara-C) , agents which induce 
erythroid differentiation. Furthermore, ETS-1 antisense 

oligonucleotides inhibit hemoglobinization of cells treated 
with Ara-C or hemin, and K562 and HEL cells infected with retrovirus 
expressing the c-ETS-1 gene exhibit a significant increase in 
erythroid character (as indicated by. . . 

... a decreased rate of proliferation (20-40% of control rates) . In 
contrast, infection with virus expressing ETS-2 or vector 
sequences only causes no detectable changes in the proliferation or 
erythroid character of either the. . . 
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Downregulation of cyclin Gl expression by retrovirus -mediated 
antisense gene transfer inhibits vascular smooth muscle cell 
proliferation and neointima formation. 
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BACKGROUND: The contemporary treatment of coronary athero-occlusive 
disease by percutaneous transliominal coronary angioplasty is hampered by 
maladaptive wound healing, resulting in significant failure rates. Morbid 
sequelae include smooth muscle cell (SMC) hyperplasia and restenosis due to 
vascular neointima formation. METHODS AND RESULTS: In this study, we 
examined the inhibitory effects of a concentrated retroviral 
vector bearing an antisense cyclin Gl gene on aortic SMC 
proliferation in vitro and on neointima formation in vivo in a rat carotid 
injury model of restenosis. Retroviral vectors bearing an antisense cyclin 
Gl construct inhibited the proliferation of transduced aortic SMCs in 
2- to 6-day cultures, concomitant with down -regulation of cyclin Gl protein 
expression and decreased [3H] thymidine incorporation into DNA. 
Morphological examination showed evidence of cytolysis , giant syncytia 
formation, and apoptotic changes evidenced by overt cell shrinkage, nuclear 
fragmentation, and specific immunostaining of nascent 3 * -OH DNA ends 
generated by endonuclease -mediated DNA fragmentation. Pronounced "bystander 
effects" including neighboring cells were noted in aortic SMCs transduced 
with the antisense cyclin Gl vector, as determined by quantitative 
assays and fluorescent labeling of nontransduced cells. In an in vitro 


tissue injury model, the proliferation and migration of antisense cyclin Gl 
vector- transduced aortic SMCs were inhibited. Moreover, in vivo 
delivery of high-titer antisense cyclin Gl vector supernatant to the 
balloon-injured rat carotid artery in vivo resulted in a significant 
reduction in neointima formation. CONCLUSIONS: These findings 
represent the first demonstration of the inhibitory effects of an 
antisense cyclin Gl retroviral vector on nonneoplastic cell 
proliferation. Teiken together, these data affirm the potential utility of 
antisense cyclin Gl constructs in the development of novel gene therapy 
approaches to vascular restenosis. 

Downregulation of cyclin Gl expression by retrovirus -mediated 
antisense gene transfer inhibits vascular smooth muscle cell 
proliferation and neointima formation. 
Jul 15 1997, 

. . . restenosis due to vascular neointima formation. METHODS AND RESULTS: 
In this study, we examined the inhibitory effects of a concentrated 
retroviral vector bearing an antisense cyclin Gl gene on aortic SMC 
proliferation in vitro and on neointima... 

... a rat carotid injury model of restenosis , Retroviral vectors bearing an 
antisense cyclin Gl construct inhibited the proliferation of 
transduced aortic SMCs in 2- to 6-day cultures, concomitant with 
down-regulation of cyclin Gl protein expression and decreased 
[3H] thymidine incorporation into DNA. Morphological examination showed 
evidence of cytolysis, giant syncytia. . . 

effects" including neighboring cells were noted in aortic SMCs 
transduced with the antisense cyclin Gl vector, as determined by 
quantitative assays and fluorescent labeling of nontransduced cells. In an 
in vitro tissue injury model, the proliferation and migration of antisense 
cyclin Gl vector- transduced aortic SMCs were inhibited . 
Moreover, in vivo delivery of high-titer antisense cyclin Gl vector 
supernatant to the balloon-injured rat carotid artery in vivo resulted in a 
significant reduction in neointima formation. CONCLUSIONS: These 
findings represent the first demonstration of the inhibitory effects 
of an antisense cyclin Gl retroviral vector on nonneoplastic cell 
proliferation. Taken together, these data affirm the potential utility of 
antisense cyclin. . . 
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The peripheral -type benzodiazepine receptor (PBR) 
is not only widely expressed throughout the body, but it is also 
genetically conserved from bacteria to humans. Many functions have been 
attributed to it, but its primary role remains a puzzle. In the current 
study, we stably transfected cultures of MA-10 Leydig cells with either 
control or 18-kDa PBR antisense knockout plasmids. The 
antisense knockout vector was driven by the human enkephalin 
promoter, which contains two cAMP response elements, such that cAMP 
treatment of transfected cells could superinduce 18-kDa PBR antisense 
RNA transcription and, hence, down-regulate endogenous 18-kDa PBR mRNA 
levels. Control and knockout MA-10 cell lines were then compared at the 
level of receptor binding, thymidine incorporation, and steroid 
biosynthesis. Eighteen-kilodalton PBR knockout reduced the maximal binding 
capacity of tritium-labeled PBR ligands, and the affinity of receptors to 
the ligands remained unaltered. Additionally, 24-h accumulation of 
progesterone was lower in the knockout cells. Exposure of the two cell 
types to 8-bromo-cAMP resulted in a robust increase in steroid production. 


However, a complex pattern of steroid accumulation was observed, in which 
further progestin metabolism was indicated. The later decline in 
accumulated progesterone as well as the synthesis of androstenedione were 
different in the two cell types. At the level of cell proliferation, 
reduction of 18-kDa PBR mRNA showed no effect. Thus, we conclude that the 
18-kDa PBR may have a more important role in steroidogenesis than in 
proliferation in this Leydig cell line. 
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To investigate the involvement of peripheral-type benzodiazepine 
receptors (PBR) in heme metabolism, we examined the interaction of 
[55Fe]heme with PBR. Transfection of the cloned mouse PBR-isoquinoline 
carboxamide-binding protein (PBR/IBP) cDNA into monkey kidney Cos-1 cells 
resulted in a 2.5-fold increase in [55Fe]hemin binding sites, concomitant 
with the increase in [3HJPK11195 binding sites, as compared with those seen 
in antisense PBR/IBP cDNA-transf ected cells. The binding of hemin to 
the transfected receptors exhibited a relatively high affinity with a Kd of 
12 nM, and was inhibited by several benzodiazepine ligands, including 
PK11195, Ro 5-4864, diazepam and protoporphyrin IX. When mouse liver 
mitochondria were incubated with [55Fe] hemin, the binding to PBR had a Kd 
of 15 +/- 1,8 nM. The Bmax of (55Fe] hemin binding to the mitochondria was 
6.88 +/- 0.76 pmol/mg of protein, a value consistent with that of 
[3HJPK11195 binding, with a lower affinity. Coproporphyrinogen III, a 
precursor porphyrin produced in the cytosol, is translocated into 
mitochondria, then is converted to protoporphyrinogen IX; this conversion 
decreased in the presence of benzodiazepine ligands. To examine whether 
this decrease was related to a decrease in the binding of 
coproporphyrinogen to the mitochondria, the effects of benzodiazepines on 
the binding of coproporphyrinogen were examined. As the binding was 
dose-dependently inhibited by PK11195, Ro 5-4864, and diazepam, porphyrins 
are likely to be endogenous ligands for PBR. We propose that PBR play a 
role in the intracellular transport of porphyrins and heme. 
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The polypeptide diazepam binding inhibitor (DBI) and drug ligands for the 
mitochondrial peripheral-type benzodiazepine receptor% 

%% (PBR) have been shown to regulate cholesterol transport, the 
rate-determining step in steroidogenesis, in hormone-responsive 
steroidogenic cells including the MA-10 Leydig tumor cells. The present 
study was designed to characterize the role of DBI and PBR in the R2C rat 
Leydig tumor constitutive steroid-producing cell model. Both DBI and PBR 
were present in R2C cells. R2C cell treatment with a cholesterol-linked 
phosphorothioate oligcdeoxynucleotide antisense to DBI, but not 
sense, resulted in the reduction of DBI levels and a concomitant dramatic 
decrease of the amount of progesterone produced. These observations 
strongly suggested that DBI was important in maintaining constitutive 
steroidogenesis in R2C cells. Radioligand binding assays revealed the 
presence of a single class of PBR binding sites with an affinity 10 times 
higher (Kd approximately 0.5 nM) than that displayed by the MA-10 PBR (Kd 
approximately 5 nM) . Photolabeling of R2C and MA-10 cell mitochondria with 
the photoactivatable PBR ligand [3H] 1- (2-f luoro-5-nitrophenyl ) -N-methyl-N- ( 
1-methyl-propyl) -3- isoquinolinecarboxamide showed that the M(r) 18,000 PBR 
protein was specifically labeled. This indicates that the R2C cells express 
a PBR protein which has properties similar to the MA-10 PBR. Chemical 
crosslinking studies of purified metabolically radiolabeled DBI to 
mitochondria provided direct evidence that DBI specifically binds to the 
M(r) 18,000 PBR protein. Moreover, DBI and a PBR synthetic ligand were able 
to increase steroid production in isolated R2C cell mitochondria which 
express the 5 nM affinity receptor. However, mitochondrial PBR binding was 
increased by 6-fold upon addition of the post-mitochondrial fraction, 
suggesting that a cytosolic factor modulates the binding properties of PBR 
in R2C cells and is responsible for the 0.5 nM affinity receptor seen in 
intact cells. In conclusion, these data demonstrate that DBI plays a key 
role in maintaining R2C constitutive steroidogenesis by binding to the 
mitochondrial higher affinity PBR which promotes a continuous supply of 
cholesterol to the inner mitochondrial side chain cleavage cytochrome P450. 
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